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Growth,  Characterization,  and  Applications  of 
P-Barium  Borate  and  Related  Crystals 

(1990  to  1993) 

Submitted  by 
C.  L.  Tang 

Cornell  University,  Ithaca,  NY  14853 

Emphasis  of  our  program  during  the  past  three  years  has  been  on  improving  the 
size  and  quality  of  p-barium  borate  (BBO)  crystal;  developing  the  growth  recipe  for  lithium 
triborate  crystal  (LBO);  automation  of  the  growth  process  of  BBO  and  LBO; 
characterization  of  LBO;  developing  optical  parametric  oscillators  using  BBO,  LBO,  and 
new  nonlinear  crystals  such  as  K'n0P04  (KTP),  KTA  (arsenate),  C(Cs)TA,  and 
R(Rb)TA;  and  finally  helping  to  establish  commercial  sources  of  BBO  and  LBO  crystals 
and  optical  parametric  oscillators  making  use  of  these  new  crystals.  Significant  progress 
has  been  made  in  all  these  areas.  The  results  are  summarized  below  and  in  the  Appendices 
attached. 


L  Crystal  Growth 

Our  initial  efforts  were  on  improving  the  size  and  quality  of  high  temperature 
solution  grown  BBO  crystals  and  developing  the  growth  recipe  of  LBO.  These  efforts 
were  highly  successful  [See  Appendices  A  -  C]  and  the  technology  developed  in  our 
laboratory  was  licensed  and  transferred  to  Qeveland  Crystals  Inc.  This  company  is  now  a 
major  supplier  of  BBO  single  crystals  in  this  country.  The  availability  of  such  U.  S. 
grown  crystals  was  instrumental  in  convincing  major  laser  companies  such  as  Spectra 
Physics  and  Coherent  to  develop  laser  related  equipment  that  makes  use  of  BBO  crystals. 
Our  program  has  played  a  leading  role  ii;  the  recent  nq>id  development  of  OPO  technology 
in  both  the  nanosecond  and  the  femtosecond  time  domains.  [See,  for  example,  attachment 
in  Appendix  D]. 

Since  Qeveland  Crystals  has  now  become  an  established  American  commercial 
source  of  BBO  based  on  our  licensed  technology,  we  felt  that  it  was  a  good  time  for  us  to 
tty  something  new.  The  critical  need  was  to  automate  the  growth  process  to  get  away  frmn 
manual  control  based  upon  visual  monitoring  and  the  experiences  and  judgment  of  the 
grower.  With  visual  monitoring  and  human  control,  there  was  no  hope  of  significantly 
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in^roving  the  quality,  yield,  and  growth  speed.  Real  advances  in  the  BBO  crystal  growth 
technology  cannot  happen  without  automation  of  the  growth  process. 

For  these  reasons,  we  decided  to  take  a  chance  and  devote  all  our  efforts  and 
resources  to  converting  our  growth  setups  to  that  with  computer-controlled  and  electronic- 
weighing.  This  hardware  and  software  development  part  of  the  program  is  now  finally 
completed  We  have  started  our  first  growth  runs.  We  still  have  to  perfect  our  growth 
recipe  based  on  past  accumulated  experiences  and  develop  it  into  a  computerized  recipe. 
After  which,  we  should  get  precisely  repeatable  results  with  each  run  and  make  systematic 
improvements  on  quality,  yield,  and  size  of  the  crystals.  Without  precisely  reproducible 
results,  there  is  no  hope  for  anyone  to  make  systematic  improvements  effectively. 

The  initial  results  from  the  automated  growth  setup  look  very  good  We  can  see 
minute  changes  in  the  growth  furnace  due  to  small  perturbations  in  the  lab  environment 
Details  of  both  the  computer  controlled  setups  and  the  initial  results  were  discussed  in  the 
progress  report  we  submitted  to  NRL  on  March  31,  1993.  The  latest  version  of  the 
growth  setup  which  allows  the  seed  to  be  separately  cooled  and  has  new  seed  mounting 
scheme  is  shown  schematically  in  the  attatched  figure  at  the  end  of  the  text  of  this  report 

n.  Characterization  of  LBO 

In  addition  to  the  growth  of  single  crystals,  it  is  also  important  that  the  crystals  are 
thoroughly  characterized.  This  is  especially  true  for  LBO  where  there  is  considerable 
controversy  even  on  such  an  important  parameter  as  the  noncritical  phase-matching 
temperature  at  1.06  pm.  A  detailed  LBO  characterization  program  was  initiated  in  our 
laboratory.  The  characteristic  properties  of  noncritically  phase-matched  second-harmonic 
generation  in  LBO  were  investigated.  Using  an  LBO  crystal  grown  in  our  laboratory,  we 
deomonstrated  ten^erature-tuned  noncritical  phase-matched  second-harmonic  generation 
from  1.025  to  1.253  pm  in  the  temperamre  range  from  190  to  -3<’  C.  The  noncritical 
phase-matching  temperature  for  1.064  pm  radiation  is  found  to  be  148'f/-0.5<’  C  with  a 
tenqxerature  acceptance  bandwidth  of  3.9°  C-cm.  Spectrum-tuned  noncritical  phase 
matching  at  room  temperature  has  been  achieved  at  1.215  mm.  Angle-tuned  critically 
phase-matched  second-harmonic  generation  of  near-infrared  radiation  has  also  been 
achieved.  Larige  angular,  temperature,  and  ^)ectral  acceptance  bandwkldis  were  obtained. 
The  these  results  have  all  been  published  [Appendices  C  and  E]. 

DL  Applications  of  BBO  and  Related  Crystals 

A  substantial  part  of  our  efforts  has  also  been  devoted  to  developing  the 
applications  of  BBO,  LBO  and  other  new  nonlinear  optical  crystals,  notably  the  KTP 
(KTiOP04)-isomotphs  such  KTP,  KTA,  CTA,  and  RTA.  A  series  of  patents  covering 
many  aspects  of  the  OPO  technology  have  be^i  generated  and  licensed  to  industry.  The 


BBO  nanosecond  OPO  technology  [See  review  article  in  Appendix  F]  licensed  and 
transferred  from  our  laboratory  to  Spectra  Physics[Appendix  D]  is  now  a  successful 
commercial  venture  with  over  a  hundred  OPO  systems  sold  within  the  first  year  it  was 
introduced.  The  femtosecond  OPO  technology  pioneered  in  our  program  [Appendix  G] 
and  transferred  to  industry  is  also  now  being  pursued  by  several  major  companies 
including  Spectra  Physics  and  Coherent  License  agreements  with  these  companies  are 
under  discussion. 

Other  new  applications  of  BBO  that  we  have  developed  include  the  first 
demonstrations  of  shifting  the  output  of  the  recently  developed  Tirsapphire  mode-locked 
laser  to  the  blue  [Appendix  H]  and  the  output  of  the  fs  KTP  OPO  [Appednix  I]  invented  in 
our  laboratory  to  the  visible  [Appendix  J].  We  have  further  demonstrated  femtosecond 
OPO  operation  in  the  new  crystals  such  KTi0As04  [Appendix  K],  CsTi0As04 
[Appendix  L],  and  RbTi0P04  [Appenix  M]  for  the  first  time.  These  OPO's  extend  the 
operating  range  of  broadly  tunable  high  repetition  rate  ultrafast  sources  into  the  important 
spectral  range  of  3  to  5  [Uil 

Hnally,  we  have  developed  a  thermal  lens  spectrometer  using  a  computerized  BBO 
OPO  that  is  capable  of  continuous  tuning  from  approximately  420  nm  to  2  |im  for 
spectroscopic  and  spectrometric  applications.  This  system  allows  any  selected  wavelength 
within  die  tuning  range  to  be  reached  directly  and  quickly.  We  demonstrated  the  versatility 
of  the  system  by  measuring  the  entire  visible  (450  to  690  nm)  thermal  lens  spectrum  of 
NO2  ^th  a  conq>uter-controUed  automated  continuous  scan. 

In  summary,  we  have  very  susccessfuUy  developed  the  growth  process  of 
BBO  and  LBO  crystals,  characterized  these  materials,  and  developed  extensive 
applications  of  BBO  and  related  crystals.  A  substantial  part  of  the  technologies  developed 
have  already  been  transferred  and  licensed  to  industry. 
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^GROWTH  AND  CHARACTERIZATION  OF 
NONLINEAR  OPTICAL  CRYSTALS  SUITABLE  FOR 
FREQUENCY  CONVERSION 

L  K.  Cheng,  W.  R.  Rosenberg  and  C.  L  Tang 
Materials  Scianca  Canter.  Comall  Univaraity.  Ithaca,  Naw  York  14853,  U.SJV. 


Abstract:  During  the  past  decade,  important  advances  have  been  made  in  the  development  of 
nonlinear  qitical  materials  suitable  for  frequency  conversion.  Better  understanding  of  the 
microscopic  origins  of  optical  nonlinearides  has  provided  qualitative  guidelines  for  the  systematic 
search  and  synthesis  of  many  new  materials,  organic  and  inorganic,  which  are  particularly 
promising  for  the  construction  of  practical  devices.  Significant  progress  in  the  crystal  growth 
technology  has  allowed  the  development  of  many  excellent  crystals  that  were  once  plagued  by 
growth  difficulties.  We  review  here  some  of  these  advances,  placing  special  emphasis  on  die  high 
temperature  solutkm  growth  of  nonlinear  optical  crystals.  In  particular,  we  discuss  in  somewhat 
more  detail  the  growth  and  characterization  of  the  newly  discovered  crystal,  barium  metaborate 
(P'BaB20^. 


Introduction  :• 

Since  the  discovery  of  second  harmonic  generation  by  Franken  et.  aL  in  1961  ^  nonlinear 
optical  mixing  has  been  widely  recognized  as  an  effective  method  for  the  generation  of  high 
power  coherent  radiation  in  spectral  regions  where  efficient  laser  sources  are  unavailable. 
Devices  based  on  nonlinear  optical  interactions  promise  to  be  efficient,  cmnpact,  easy  to 
operate,  and  oquble  of  operating  in  a  wide  spectral  range.  With  a  single  fixed  fiequency  laser, 
a  combination  oi  harmonic  generation  and  optical  parametric  oscillation  can  provide  fully 
tunable  radiation  throughout  the  UV  and  the  IR^.  The  widespread  use  of  these  devices  has 
been  limited  by  the  lack  of  materials  with  suitable  characteristics.  Substantial  progress  has 
been  made  in  the  development  of  rxmlinear  optical  materials  recently.  Novel  materials  having 
attractive  properties  ate  being  discovered  at  arapid  pace^*^,  with  advances  in  crystal  growth 
technology  making  possible  the  commercial  development  of  promising  materials  such  as  urea. 
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magnesium-oxide  doped  lithium  niobate  (Mg0;LiNb03),  potassium  niobate  (KNb03). 
potassium  titanyl  phosphate  (KTP),  and  barium  metaborate  (P-BaB204).  Preliminary 

experiments  performed  on  these  materials  have  been  very  encouraging^’'®  and  will 
undoubtedly  lead  to  an  increased  use  of  these  crystals  in  device  applications. 


In  this  paper,  we  shall  examine  some  of  these  advances.  An  enormous  body  of  work  has 
been  published  concerning  the  development  of  nonlinear  crystals.  It  is,  therefore,  necessary  to 
limit  the  scope  of  this  paper  to  a  few  specialized  areas.  In  what  follows,  we  shall  be  concerned 
with  bulk  materials  only.  Thegrowthandapplicationsof  crystal  fibers",  and  materials  with 
modulated  structures'^*'^,  though  important,  will  not  be  discussed.  Likewise,  we  shall  not 
concern  ourselves  with  organic  materials.  A  comprehensive  review  of  organic  materials  can  be 
found  in  Chemla  and  Zyss'^.  In  the  growth  of  nonlinear  optical  cystals,  we  shall  single  out 
the  high  temperature  solution  growth  technique  for  discussion.  This  does  not  imply  that  other 
techniques,  such  as  Czochralski'^.  Bridgetnan-Stockbarger'®*'^  and  low  temperature  solution 
growth'^,  are  not  important  in  the  development  of  nonlinear  optical  crystals. 


Characterization  of  nonlinear  optical  crystals  can  be  divided  into  two  types;  the 
measurement  of  optical  properties  and  the  investigation  of  growth  defects.  The  former  includes 
the  measurements  of  intrinsic  physical  propenies  which  are  directly  relevant  to  optical 
frequency  conversion.  The  latter  includes  the  study  of  growth  defects,  such  as  twinning, 
phase  homogeneity,  mechanical  stresses,  inclusions...etc,  that  are  the  result  of  poor  control  of 
crystal  growth  parameters.  Standard  techniques  such  as  trace  chemical  analysis,  etching  and 
decoration,  x-ray  topography,  elecron  microprobe  analysis...etc.  can  be  used  for  defect 
characterization.  The  use  of  these  techniques  for  crystal  characterization  has  been  reviewed  by 
Laudise'^.  We  shall  be  primarily  concerned  with  the  characterization  of  the  optical  and  other 
relevant  physical  properties  of  nonlinear  crystals. 


This  paper  is  organized  in  the  following  way.  In  section  I,  we  discuss  the  basic 
characterization  of  nonlinear  crystals.  A  set  of  material  parameters  is  chosen  which  are  useful 
for  the  comparison  of  different  materials.  The  relative  importance  of  these  parameters  and  the 
relationships  among  them  are  discussed.  A  summary  of  several  promising  materials  that  are 
suitable  for  applications  in  the  UV-visible-near-IR  range  is  presented  for  reference  and  to  aid 
discussion.  In  section  n,  we  review  several  aspects  of  the  high  temperature  solution  growth 
(HTSG)  technique.  Panicular  emphasis  will  be  placed  on  the  top-seeded  method.  In  section 
III,  we  discuss,  as  an  example,  the  growth  and  characterization  of  the  newly  discovered 
crystal,  barium  metaborate.  In  section  IV,  we  conclude  this  paper  by  a  survey  of  some  of  the 
more  important  advances  in  the  development  of  nonlinear  optical  materials, 


CORNELL 

UNIVERSITY 


Office  of  Sponsored  Programs 


IZUDayhlall  Telephone  O07/255-5014 

Ithaca,  NY  14853-2801  l-acsimile  No.  <>07/255-5058 


FIRST  CLASS  U.S.  MAIL 

June  6.  1994 


Scientific  Officer  Code:  12621 
Guy  W.  Beaghlcr 
Office  of  Naval  Research 
800  North  Quincy  Street 
Arlington,  VA  22217-5000 


SUBJECT:  Final  Technical  Report  For  Grant  Ntiinhcr  N0()0l4-90-J-4I07 


Dear  Mr.  Beaghlcr; 

Enclosed  are  ihree  copies  of  the  subject  report.  This  project,  entitled  "Growth, 
Characterization  and  Applications  of  (J'l^^riuin  Borate  and  Related  Crystals," 
was  under  the  direction  of  Profc.ssor  C.  L.  Tang  in  the  School  of  Electrical  Engineering. 


Assistant  Director 


Sincerely. 


Eric  W.  Danly 


DJC/bry 

Enclosures 

C  C.  L.  Tang 

X  Administrative  Grants  Offieer  (I  copies) 

Office  of  Naval  Research 
Resident  Representative  N62927 
Administrative  Contracting  Officer 
3.3  Third  Avenue  -  Uiwer  Level 
New  York.  NY  10003-9988 

Director  (1  Copy) 

Naval  Research  Laboratory 
Attn;  Code  2627 
Washington.  DC  20375 

Defense  Technical  Information  Center  (1  copy) 
Building  5,  Cameron  Station 
Alexandria,  VA  22314 


Please  refer  to  OSP  #19988  on  all  future  correspondence. 


11 


Nonlinaar  optical  crystals  for  frequency  conversion 

I.  Material  Considerations:* 


Chatactcriaripn  > 

Hundreds  of  materials  have  been  idendfled  as  possessing  optical  nonlineahties^  To  date, 
only  a  handful  of  these  materials  are  routinely  used  in  the  generation  of  coherent  radiation. 
This  reflects  the  many  criteria  which  a  nonlinear  crystal  must  satisfy  before  it  can  be  used  in 
practical  applications.  The  success  of  the  "molecular  engineering"  approach^  has  led  to  a  better 
understanding  of  the  relationship  between  the  crystal  structure  and  its  optica]  nonlinearities  and 
made  possible  systematic  search  for  new  nonlinear  materials.  It  is,  therefore,  appropriate  to 
examine,  in  an  organized  way,  the  desirable  characteristics  of  nonlinear  crystals  that  are 
suitable  for  various  applications.  Qualitative  discussion  of  this  tc^ic  has  been  given  in  a  recent 
review^.  The  following  discussion  will  follow  closely  the  approach  taken  there. 

Traditionally,  the  usefulness  of  a  nonlinear  crystal  has  been  evaluated  in  terms  of  the 
material  parameters  that  are  directly  related  to  optical  frequency  conversimi.  These  included  the 
optical  nonlinearities,  optical  damage  threshold,  birefringence,  dispersion,  transparency  and 
optical  homogeneity.  Little  emphasis  have  been  placed  on  the  other  characteristics  such  as 
crystal  growth  properties,  mechanical  strength,  thermal  stress  resistance  and  crystal  fabrication 
properties  such  as  coating  and  polishing.  Recent  experiments  in  the  practical  application  of 
nonlinear  tnaterials^'^  have  made  it  clear  that  more  emphasis  should  be  placed  on  these  other 
pn^terties. 

The  characterization  of  a  nonlinear  qitical  manrial  includes  the  quantitative  and  qualitative 
specification  of  these  parameters.  A  general  set  of  parameters  is  given  below.  The  underlying 
physical  principles  for  the  selections  of  these  parameters  are  discussed  in  standard 
references'^: 

nonlinear  figure-of-merit  [(pm/V)2j.The  nonlinear  coefficient  d  is  defined 

by  the  expression  where  P  is  the  nonlinear  polarization  and  E  is  the 

electric  field. 

^max  single  shot  optical  damage  threshold.  It  is  usually  given  as  an  intensity 

[GW/cm^]  or  an  energy  fluence  [J/cm^].  For  certain  materials  (c.g.  urea)  which  have 
a  cumulative  damage  property  that  depends  on  the  duration  of  irradiation^,  this  is  not 
a  useful  characterization.  For  CW  operation,  a  corresponding  CW  damage  threshold 
can  be  defined. 

n^(X),  ny(X)  and  n^lX)  are  the  refractive  indices  along  the  principal  dielectric  axes.  For 
uniaxial  crystals,  =  ny.  They  defined  the  material  dispersion  and  the  birefringence 
of  a  material.  In  a  phase-matched  nonlinear  optical  process  in  a  crystal,  the 
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birefnngence  is  used  to  compensate  for  material  dispersion^.  A  large  birefringence  is 
needed  for  phase  matching  near  the  absorpdon  cutoff. 

p  is  the  walk  off  angle.  It  is  the  angle  between  the  phase  velocity  direction  and  the 
energy  propagation  direction  of  the  extraordinary  wave  in  an  anisotropic  medium.  A 
large  birefringence  implies  a  large  walk  off  angle.  In  cenain  experimental 
configuradons,  it  places  an  upper  limit  on  the  length  of  the  crystal  that  can  be  used  for 
frequency  conversioiL  In  uniaxial  crystals,  p  peaks  at  ~45"  ^m  the  opdcs  axis. 

pLj.  is  the  temperature  sensidvity.  d(Ak)/9T  [cm'^AKT].  It  is  an  intrinsic  parameter  which 
describes  the  material's  tolerance  to  temperature  vaiiadon  for  a  particular  frequency 
conversion  process.  It  is  related  to  the  temperature  bandwidth  (FWHM)  by^  lAT  » 
4A  /  p.j.  where  A  «  1,39. 

^0  is  the  angular  sensidvity,  d(^)/d6  [cm'Vmrad].  It  is  analogous  to  the  temperature 

Mnsidvity  above.  For  critically  phase  matched  processes,  a  large  birefringence 
implies  a  small  angular  bandwid^.  I%ase*matched  frequency  conversion  processes 
that  have  low  angular  sensitivity  can  be  obtained  in  a  crystal  which  has  a  broad 
transparency  and  a  small  birefringence. 

is  the  spectral  sensitivity.  d(Ak)/dX.  [cm'VA].  It  gives  the  spectral  bandwidth  that 

can  be  efficiently  converted.  It  is  useful  in  designing  frequency  converters  of  broad 
bandwidth  radiation  such  as  picosecond  or  femtosecond  pulses. 

AVg'l  is  the  reciprocal  group  velocity  mismatch  [fsAom],  where  s  &  f 

stand  for  the  second  harmonic  and  fundamental.  It  represents  approximately  the 
temporal  broadening  of  the  second  hamxinic  pulses  in  a  1  mm  thick  nonlinear  cr^tal 
caused  by  the  nonlmear  interaction.  It  is  usually  significant  only  in  the  frequency 
conversion  of  subpicosecond  pulses. 

o(X)  is  the  optical  absorption  of  the  material  [cm*^]  within  its  transparency  range.  It  is  a 

measure  of  the  intrinsic  passive  loss  of  laser  light  in  the  material.  A  large  a  at  the 
pump  laser  frequency  generally  implies  sigtuficant  heating  of  the  material  by  the 
pump  laser. 

ATp  is  the  fracture  temperature  as  discussed  in  reference  [4].  It  is  the  temperature 

difference  at  which  an  ideal  thin  plate  with  lOOtim  defr.cts  fractures.  It  gives  a 
quantitative  measure  of  the  thermal  loading  oqiacity  of  a  crystal  and  is  of  extreme 
importance  in  high  average  power  application. 

Other  intrinsic  and  extrinsic  parameters  should  also  be  speciHed  for  the  comparison  of 
different  nonlinear  crystals.  The  mechanical  properties  can  be  speciHed  by  the  fracture 
toughness^  (K^  [KPA  m^^^]),  Mohs  hardness  and  the  elastic  constants.  Chemical 
characteristics  that  are  worth  considering  are  the  presence  of  ferroelectric  phase  transitions 
which  may  lead  to  domain  formations,  compositional  inhomogeneity,  melting  point  and 
susceptibility  to  attack  by  moisture  and  cc»nmon  solvents.  Crystal  availability  can  be  assessed 
by  considering  the  crystal  growth  technique,  growth  run  time,  typical  crystal  yield  (i.e.  crystal 
size),  predominant  growth  defects  and  post-growth  processing  (such  as  poling  and 
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Nonlinear  optical  cryetalt  for  frequency  conversion 

detwinning).  Crystal  that  is  difficult  to  grow  with  high  yield  will  not  provide  sufficient 
economic  incentive  for  its  commercial  develq>ment  unless  it  possesses  unusually  good  optical 
characteristics.  A  case  in  point  is  KTP  where  despite  the  enormous  expenses,  sustained 
international  efforts  were  devoted  to  its  development  By  the  same  token,  favorable  growth 
characteristics  can  go  a  long  way  in  bringing  a  nonlinear  optical  material  with  modest 
characteristics  into  everyday  use.  The  longevity  and  popularity  of  KDP  (and  its  isomorphs)  is 
a  classic  example. 

The  full  characterization  of  a  nonlinear  optical  material  will  involve  the  proper 
documentation  of  these  parameters.  Techniques  for  the  measurement  of  these  parameters  are 
numerous  and  can  readily  be  found  in  the  literature.  The  discussion  presented  below  is 
necessarily  sketchy  and  is  included  for  completeness. 

After  confirming  that  a  new  material  possesses  a  sufHciently  large  second  order 
nonlinearity  (usually  by  the  powder  measurement  technique^)  the  optical  characterization 
generally  begins  with  the  measurement  of  the  refractive  indices.  The  minimum  deviation 
method^^  is  the  most  commonly  used.  Careful  experiments  can  readily  give  values  accurate  to 
the  fourth  decimal  place  throughout  the  transparency  range  of  the  crystal.  The  data  are  then 
numerically  fit  to  give  the  appropriate  Sellmeier  coefficients.  For  crystals  that  arc  useful  in  the 
visible  and  UV,  Sellmeier  equations  having  a  single  UV  pole  and  a  quadratic  IR  correction  will 
usually  be  sufficient  For  infrared  materials,  such  as  those  used  for  the  doubling  of  the  CO2 
laser,  the  IR  pole  must  also  be  included. 

The  linear  refractive  index  data  obtained  above  must  be  correlated  with  the  measured 
second  harmonic  and  sum-frequency  tuning  curves,  which  are  much  more  sensitive  to  material 
dispersion  than  the  direct  measurement  of  the  refractive  indices.  It  should  be  noted  that  these 
nonlinear  optical  measurements  cannot  uniquely  determine  the  Sellmeier  coefficients,  and  they 
should  be  regarded  as  a  supplement  to  the  linear  data.  An  accurate  set  of  Sellmeier  coefficients 
allows  the  prediction  of  many  of  the  parameters  outlined  above,  including  tuning  curves 
(second  harmonic  generation  (SHG),  sum  frequency  generation  (SFG)  &  optical  parametric 
oscillation  (OPO)),  angular  sensitivity,  spectral  sensitivity,  group  velocity  mismatch  and  the 
walk  off  angles.  Therefore,  the  extra  effort  spent  in  the  accurate  determination  of  the  Sellmeier 
coefficients  is  well  justified. 

For  materials  which  have  a  sufficiently  large  temperature  dependent  birefringence, 
temperature  tuning  of  phase-matched  second  harmonic  generation  is  possible.  In  this  case  the 

thermo-optic  coefficients  (Sn^  q/9T  [°C**])  should  also  be  determined.  This  can  be  done  by 

placing  the  prism  used  in  the  minimum  deviation  method  (see  above)  in  an  oven.  The 
temperature  bandwidth  is  also  determined  by  these  coefficients.  For  materials  that  support 
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phase  matching  by  angular  and  temperature  tuning,  the  temperature  dependent  Sellmeier 
equations  should  be  determined^ 

The  temperature  bandwidth  is  commonly  measured  directly  by  heating  the  nonlinear 
crystal  in  an  oven  and  observing  the  variation  of  the  SHG  intensity  as  the  temperature  of  the 
oven  is  swept  past  the  phase-matching  point.  An  indirect  method  involving  the  measurement 
of  the  angular  bandwith  at  different  temperatures  had  recently  been  developed^  and  was 
reported  to  be  more  accurate  than  the  direct  measurement  technique. 

Crystal  symmetry  determines  the  form  of  the  second  order  polarization  tensor.  The 
second  order  polarizability  tensor  is  defined  by  the  piezoelectric  axes  of  the  crystal.  The  IRE 
convention^’^^  should  be  used  to  relate  the  crystallographic  axes  to  the  piezoelectric  axes.  For 
uniaxial  crystals,  the  principal  dielectric  axes  (i.e.  the  axes  of  the  index  ellipsoid)  are  the  same 
as  the  piezoelectric  axes.  For  biaxial  crystals,  Hobden^^  has  proposed  the  use  of  the 

convention  of  deHning  the  principal  dielectric  axes  with  n^  >  n^  >  n^,  where  x,y  and  z  are  the 
axes  for  the  optical  indicatrix.  The  second  order  polarizability  tensor  can  then  be  transformed 
from  the  piezoelectric  axes  to  the  axes  of  the  opdcal  indicatrix  defined  above.  The  motivation 
for  this  assignment  scheme  is  that  the  phase  matching  problem  (such  as  the  polarizations  of  the 
two  extraordinary  waves  in  an  arbitrary  direction)  can  then  be  treated  anaJytically^^*^,  which 
in  turn  allows  the  evaluation  of  the  d^  coefficient.  However,  for  crystals  in  the  monoclinic 

and  triclinic  classes  where  the  directions  of  the  principal  axes  can  change  with  dispersion,  a 
direct  computer  analysis  may  prove  to  be  mare  efficient 

Hie  magnitude  of  the  second  order  polarizabilities  are  usually  measured  reladve  to  another 
known  material  by  the  Maker's  Fringe^^  and  the  wedge^^  techniques.  Direct  measurement  of 
the  SHG  intensity  can  also  be  used.  Tlie  quadradc  dependence  of  the  SHG  process  on  the 
pump  intensity  means  that  the  measurements  will  be  sensitive  to  fluctuations,  such  as  jitter  in 
the  energy  and  the  spatial  and  temporal  intensity  profile  of  the  laser.  A  better  tolerance  on  the 
laser  beam  characteristic  is  provided  by  the  parametric  flourescence  technique,  which  depends 
linearly  on  the  pump  intensity.  Its  use  in  the  measurement  of  second  order  polarizability  had 
been  reported These  and  other  techniques  have  been  reviewed  by  Kurtz^^ 

Recently,  using  large  apenure,  diffraction  limited  beams  of  uniform  intensity  to  generate 
second  harmonic  in  large  aperture  crystals,  researchers  at  the  Lawrence  Livermore  Laboratory 
have  determined  the  nonlinear  coefficient  of  KDP  to  an  unprecedented  precision^^.  These 
values  are  quoted  in  Table  1  for  reference  purposes.  Advances  in  crystal  growth  technology 
have  provided  a  high  degree  of  control  over  the  material  quality  of  commercial  KDP  crystals. 
KDP  should  therefore  be  used  as  the  reference  material  in  all  relative  measurement  techniques 
in  the  visible  and  near  LR  region. 


Nonlinear  optical  crystala  for  frequency  conversion 
Table  1  :  Reliable  values  of  second  order  coefficients  of  KDP  and  their 
dispersions.  The  fundamental  wave  is  at  1.06  lun  (After  reference  [22]  ):• 
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d3^(-2a)  ,6)  ,0) )  s  0.39  ±  0.01  pm/V 


di4/d3g  =  1.0010.05 


d3g(-3G)  ,20)  ,0) )  /  d36(-2o)  ,o)  ,ct) )  =  1 .00  ±  0.05 


d3g(-4o)  ,2o)  ,2o) )  =  0.565  ±  0.02  pm/V 


Knowledge  of  the  second  order  coefHcients  and  the  angular  sensidvity  can  be  used  to 
calculate  the  threshold  power  for  harmonic  generation^,  Pth  =(PqXj/C)^,  where 

C=5.456xdgff/(X^£njl/2)  [GW*^^]  for  C,  [pm/V]  for  and  [pm]  for  It 

gives  an  estimate  of  the  peak  power  required  for  the  efficient  conversion  in  critically  phase 
matched  processes^.  It  combines  the  mfluences  of  the  opdeal  nonlinearity  and  the  angular 
sensidvity,  and  is  particularly  relevant  in  the  conversion  of  high  power  lasers  having  poor 
beam  quality.  Interested  readers  should  refer  to  reference  [4]  for  the  use  of  Py,  in  device 
design. 

In  the  measurement  of  opdeal  damage  and  opdeal  absorption,  very  high  quality  crystal 

samples  should  be  used.  The  optical  damage  threshold,  depends  on  crystal  defects, 

pulse  duration,  laser  wavelength,  the  refractive  indices  and  the  angle  of  incidence^^.  The 
generally  accepted  method  for  damage  threshold  measurement  is  a  one-shot*per-site  type  of 
measuremenL  Due  to  the  inherently  statistical  nature  of  optical  damage  phenomena^^,  it  is 
arguable  that  the  single  shot  damage  threshold  is  a  good  parameter  for  a  material.  Depending  on 
the  crystal  chemistry  and  growth  history,  different  crystals  may  have  different  dominant 
damage  mechanisms,  making  it  difficult  to  compare  various  crystals  directly.  Therefore, 

unless  the  detailed  damage  characteristics  are  known,  should  be  treated  as  a  rough 

indicator  only.  Good  device  design  practice  demands  that  one  stays  below  by  a  safe 
margin,  typically  a  factor  of  3  to  10. 

The  material  constants  suitable  for  the  characterization  of  the  thermal  and  mechanical 
properties  of  optical  crystals  were  recently  discussed  by  Eimerl^.  Experimental  techniques 
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suitable  for  the  measurement  of  these  constants  were  also  reported^.  For  crystals  that  are 
ferroelectric,  it  is  necessary  to  investigate  the  presence  of  feiroelectric  domains.  This  can  be 
done  by  the  observation  of  multipie-peak  SHG  signal  throughout  the  bulk  of  the  crystal^^. 
Type  II  SHG  interaction  provides  a  better  resolution  for  this  measurement  than  type  I 
interaction.  In  some  cases,  compositional  inhomogeneity  can  also  be  investigated  with  this 
technique^®-^^.  Also,  as  fenoelectricity  implies  pyroelectricity,  fenoclectric  domaining  can  in 
principle  be  investigated  vrith  the  pyroelectric  effect  as  well^. 

Tables  2  and  3  give  some  of  these  parameters  for  a  few  useful  materials.  These  materials 
are  grouped  into  two  separate  groups  based  on  their  damage  thresholds  alone.  Materials  listed 
in  table  2  are  suitable  for  conversion  of  high  power  pulsed  lasers,  whereas  those  listed  in  table 
3  are  more  suitable  for  CW  and  moderate  power  applications.  Properties  of  organic  crystals, 
including  urea,  can  be  found  in  reference  [14]  in  the  previous  section.  Characteristics  of  many 
infrared  materials  have  been  given  in  reference  [28]. 


Criteria  for  useful  nonlinear  materials:- 

The  "ideal”  nonlinear  crystal  does  not  exist.  The  applicability  of  a  particular  crystal 
depends  on  the  nonlinear  process  used,  the  desired  device  characteristics  and  the  pump  laser. 
Special  material  properties  that  ate  important  in  one  application  may  not  be  significant  in 
another.  For  instance,  efficient  doubling  of  very  high  power  lasers  having  poor  beam  quality 
requires  a  material  with  large  angular  bandwidth^  A  crystal  which  has  a  smaller  nonlinearity 
but  allows  noncritical  phase  matching  (see  below)  will  perform  better  than  one  which  is  more 
nonlinear  but  is  critically  phasematched.  On  the  other  hand,  for  the  doubling  of  femtosecond 
optical  pulses,  the  preferred  material  will  be  one  with  a  large  nonlinearity  so  that  a  very  thin 
crystal  can  be  used  to  avoid  dispersive  ivoadening  of  the  second  harmonic  output  pulses. 

For  a  material  that  has  favorable  features  such  as  large  nonlinearity,  high  damage 
threshold,  favorable  crystal  growth  habits...etc,  an  application  can  invaribly  be  found  that  uses 
the  crystal  efficiently.  From  a  material  point  of  view,  only  general  criteria  can  be  established 
to  gauge  the  usefulness  of  a  nonlinear  crystal.  For  specialized  applications  where  device 
performance  requirements  are  well  established,  quantitative  criteria  for  the  selection  of  suitable 
nonlinear  crystals  can  be  obtained^  which  are  often  invaluable  in  aiding  system  design.  In 
what  follows,  we  discuss  the  special  features  which  are  particularly  important  for  various 
device  applications.  It  is  implicit  in  the  following  discussion  that  a  large  nonlinearity  and  high 
damage  threshold  is  advantageous  in  all  applications  considered  below.  We  shall  be  interested 
in  radiation  source  devices.  Applications  of  nonlinear  crystals  to  infrared  imaging,  optical 
computing,  and  time  resolved  spectroscopy  will  not  concern  us  here. 


Nonlinear  optical  cryatait  for  frequency  conversion 


17 


\ 


Table2:I¥o|Mnieioftev«falUV,viiibleai)doaarIRGiynls.  Unteat  othemise  Mated,  all  data 
far  1064  nm.  (Data  takm  fiom:  [22,47];  [4A49.S6];  A  [31,30-52]  respectively.) 


Qystal 

KDP 

^8x8204 

KTP(II)* 

Point  group 

42m 

3m 

mm2 

Kre&ingeiice 

110-1.4399 

110-1.4938 

ne-134254 

110-1.65310 

n^-1.7367 

n^-1.7395 

np^-1.8305 

NooUnearity 

[pm/V] 

d35-039 

622-1.6 

631-0.08 

632-5.0, 631-6^ 
d2,-7.6,  d]^.! 
633-13.7 

Tkan^iarency  [  pm  ] 

0.2 -1.4 

0.19-3.3 

0.35-4.4 

[GW/cm*] 

-3J 

-13J 

-15.0 

SHG  cutoff[  nm  ] 

487 

411 

-990 

lAT  [«C.cm] 

7 

35 

22 

lAO  [  mrad-cm  ] 

1.2 

0.52 

15.7 

1/iX  [A-cm] 

208** 

6.6 

4.5 

AVg'i@630nm  [fafaun] 

183 

360 

Notqiplicable 

(VO  tuning  range 
[nm] 

-430-700 

(Xp-2«) 

-410-2500 

(3^-355) 

-610-4200 

(Sr532) 

ATpTO 

12 

130 

Not  available 

Boulesize 

40x40x100  cm3 

075  mmxl5  mm 

-20x20x20  mm3 

Qrowdi 

Technique 

Solution  growdi 
from  1^0 

TSSGfrom 

Na209-900°C 

TSSGfrom 

2KPO3-K4P2P7 

9-1000»C 

Ifadominant 
growth  defacts 

Organic 

hq^ties 

Flux  and  bubble 
indusions 

Rux  inclusions 

Chemical  piopenies 

Hygroacopic 

(m.p.-253®C) 

Ndnhygiofoopic 

0->o-925«C) 

Nonhygiosoopic 

(m.p.-1172^ 

*k'rH)fpeHaMfsciloinivesd,ff~d3^<KCi^orleMfarBKMtpBicete^.  Tlwdy  vatae^^aiefiDrayaMsiiDwii 
ty  tebMfeothenMlieciniqBe?^.  SisnlfteeertyloewdMMaetfireMioldi  were  reported  for  hydrothetmilly  grown 
oyalaliPi.  **1teaBoiiialnHylaqeipecaMfana«id*isaBMiiiBM«kmor«MXMiGriiicM]teMiiaKWa^ 
llfa  te  eqphsieM  10  a  voy  food  iniqHvdocily  aMicUnt  -  8  f^)  for  dfa  iaimata 


18 


L  K.  Cheng  et  af. 


Tabte3:  ftoperties  of  several  visible-near  IR  nonlinear  optical  crystals.  Unless  otherwise  qwdfied. 

data  are  for  X  « 1.064jiin.  (Data  taken  ftom;  [13^3J;  [1^-281;  A  [1^1  respectively.) 


Characteristics 

KNbOj* 

UNbOj** 

Ba2NaNb30|5 

Point  group 

inm2 

3m 

Transpatettcy  tiun] 

0.4-5.5 

0.4-5.0 

0.37-5.0 

Biiefirin^nce 

negative  biaxial 
11,^-2.2574 

iiy^-2.2200 

0,^-2.1196 

negative  uniaxial 
nn.2.2325 
1^2.1560 

n^ative  biaxial 
0,^-2.2580 
n^-2.2567 
0,^-2.1700 

Second  order 
nonlinearity 

IpmfVl 

d^j— -12.9»  dj|— 1 1.3 
d24-  11.9.d|5-12.4 
djj— -19.6 

d33-29.7 
dji—  -4,8 
d22-  2.3 

d32*'^2.8(  dji— -12.8 

d^^— *12.81  d|j^l2.8 
d33-17.6 

a(n“-n2«V9T  pC*] 

1.6x1(H 

-5.9x10-3 

1.05  xicr* 

V  pci 

181t  632 

-8,  d3j 

89,  d32 

101,  tlj, 

lAT  t°C-anl 

OJ 

0.8 

(X5 

X^jj^Ccutofi)  [uml 
@25^ 

0.860 

<-1.08 

1.01 

^wax  [MWAan^l 

Not  available 

-120 

40 

Phase  transition 
tenqterature  PQ 

223  and  435 

-1000 

300 

Growth  technique 

TSSG  finom  K2O 
@-1030°C 

Czocfaralski 

®-1200°C 

Caodnldd 

e^l44CPC 

lYedominant  growth 
ptobtems 

Qacks,Une 

ooloiation, 

multidomains. 

Tenqi.  induced 
oompositional 
strititions. 

Straitions, 

mkrotwiiuiing, 

multidomains. 

Post  growth 
processing 

Ftiling 

Poling 

Poling  ft 
detwinning 

Gtystalsize 

20x20x20mm3 
(sin^e  domain) 

01OOmmx2OOmm 
(as  grown  boule) 

02Daam5Oam 
(with  straitions) 

*TlMieisilis^reeinent()iiilies^oflheiK»liiiearooefBcknttofKNb(>}iiiilieBleiaBiie.  Data  mad  hoe  «e 
taken  from  reference  P9]  with  the  ipproprile  correction  for  the  IRE  convoilion* .  **Daiaaefcroongniemnielliiig 
LiNbp3^.  5%  MgO  doped  oyitali  gives  ptwioreftactive  damage  dtreshold  about  10-100  times  The 

phase  matching  properties  for  these  aysMdsBiay  differ  dae  IP  the  lesaMng  changes  in  the  haticeconsawiS**. 
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NonlinMr  optical  cryatala  for  fraquancy  convaraion 
NtxUinear  finequency  converters  are  most  commcmly  used  with  an  efficient,  non-tunable 
laser  source.  Obviously,  the  nonlinear  crystal  should  have  good  trtulqiarency  at  the  punq>  laser 

wavelength.  In  the  UV  to  near  IR,  die  typical  pump  lasers  are  the  ~1.06pm  and  ~1.32pm  lines 
(and  their  hanrKmics)  of  Nd^'*’,  although  there  has  been  much  progress  in  other  promising 
solid-state  lasers  of  paramagnetic  ions^  such  as  Or^,  11^  and  Ho^.  Further  into  the  IR,  die 

mostconunon  source  is  the  10.6^  CO2  laser.  The  wideqmad  use  of  a  nonlinear  crystal  is, 
to  a  certain  extent,  determined  by  how  well  its  transparency  range  overlaps  with  these  laser 

sources.  The  limited  transparency  range  of  most  organic  crystals  ('-0.4-2.0tim)  has 
significantly  limited  their  uses  in  coherent  radiation  generation.  This  is  in  sharp  contrast  with 
P-BaB204  whose  broad  transparency  and  large  birefringence,  has  made  it  one  of  the 
versatile  crystals  in  die  UV  and  visible  range  (see  section  IR). 

Specific  applications  of  nonlinear  crystals  currently  of  interest  can  be  divided  into  the 
following^:  1)  efficient  harmonic  generation  and  up-conversion,  2)  optical  parametric 
oscillator,  3)  frequency  conversion  of  ultrashort  pulses,  4)  frequency  conversiim  of  high 
average  power  sources,  S)  frequency  convenion  of  low  average  power  sources,  and  6)  laser 
fusion. 


It  Efficient  Harmonic  Generation  &  Up-conv^rsion:  Applications  in  this  area  can  be  divided 
into  two  types:  conversions  of  i)  a  monochromatic  source  and  ii).  a  broadly  tunable  laser 
source.  We  shall  discuss  the  frequency  convosion  of  a  non-tunable  source  first.  Materials 
that  allow  noncritical  phase  matching  (NCIPM)  have  a  special  advantage  in  this  application  as  it 
allows  the  use  of  very  long  crystal  to  improve  the  efficiency.  NCPM  denotes  the  situation  of 
90**  phase-matching,  where  both  the  angular  sensitivity  and  the  walkoff  become  negligible. 
For  die  SHG  process,  a  uniaxial  crystal  allows  NCPM,  at  most,  of  two  different  wavelengths, 
namely  type  I  (p+o  ->e ;  e-fe  ->0 )  and  ^pe  H  (o+e  ->e ;  e+o  ->o ).  Fora  biaxial  crystals,  six 
different  wavelengths  can,  in  principle,  be  noncritically  phase-matched  along  the  three  principal 
dielectric  axes.  For  a  material  that  has  a  temperature  dependent  birefringence,  NC^PM  can  be 
accomplished  for  a  range  of  wavelength  temperature  tuning  provided  that  the  thermally 
induced  phase-mismatch  due  to  poor  temperature  cmitrol  does  not  prove  to  be  a  problem^. 

Comparison  of  the  lAT  values  for  the  materials  listed  in  tables  2  and  3  suggests  that  the 
temperature  bandwith  of  a  temperature  tuned  crystal  is  typically  an  order  of  magnitude  smaller 
than  that  of  angle  tuned  crystals. 

For  the  special  case  of  a  biaxial  crystal  whose  refractive  indices  are  given  by  n^(^)  >  ny(X) 
^  n^(X),  we  have 
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8(Ak) 


For  phase  matching  in  the  XY  plane,  the  first  term  vanishes,  giving  a  small  though 
nonvanishing  first  order  angular  dependence.  Such  a  crystal  is  attractive  as  a  ftequemy  doubler 
as  it  does  not  impose  the  stringent  requirement  discussed  above  tm  the  exact  punq>  wavelength 
in  NCPM,  and  hence  will  be  more  versatile.  It  can  be  seen  from  table  2  that  KTP  has  this 


special  property.  The  doubling  of  1.06pm  light  in  the  XY  plane  of  KTP  gives  an  external 

angular  acceptances^  of  5<p~3°  (NCPM  with  repect  to  6  gives  50~10°}.  For  many  applications, 
such  a  large  angular  bandwidth  is  rrmre  than  adequate.  For  instance,  the  threshold  power  for 
this  process  has  been  estimated^  to  be  -O.OSMW,  which  should  be  compared  to  ~67MW  with 
KDP*. 

For  the  conversion  of  a  tunable  lasn  source,  critical  phase-matching  must  be  used  in 
order  to  cover  a  wide  spectral  range.  Optimal  focusing^  is  usually  used  in  these  situations. 
Depending  on  the  phase-matching  angle  and  crystal  birefringence,  the  effect  of  walkoffmay 
limit  the  maximum  interaction  length.  The  angle  between  the  phase  nocmal  and  die  ray  normal, 

p,  is  given  by^* 


tanp 
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where  s  is  (sin6cos<p,  sin0sin<p,  cos6).  This  expression  is  valid  for  both  uniaxial  and  biaxial 
crystals. 


2)  Optical  Parametric  Oscillator  fOPOV  The  more  important  characteristics  in  this  application 
are  broad  transparency,  good  birefringence  and  high  damage  threshold.  Although  an  OPO  can 
in  principle  be  as  efficient  as  a  harmonic  generator,  it  typically  has  a  higher  'inertia'  such  that  a 
higher  pump  intensity  is  needed  to  initiate  the  efficient  conversion  process^’^^.  Unlike 
harmonic  generadon,  the  high  intensity  pinnp  wavelength  is  the  shortest  of  the  three  interacting 
waves.  Since  the  crystal  damage  threshold  decreases  rapidly  with  wavelength  near  an 
absorption  edge,  a  crystal  in  a  parametric  oscillator  is  more'  susceptible  to  damage  than  if  it  is 
used  in  harmonic  generation.  For  materials  with  large  transparency  range,  one  can  get  around 
this  problem  by  staying  away  from  the  short  wavelength  cutofrf  without  compromising  much 
on  the  tunability.  A  large  nonlinearity  will,  of  course,  help  to  lower  the  parametric  oscillator 
threshold,  and  thus,  the  pump  power  needed  for  a  given  conversion  efficiency. 
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•  3)  Short  Pulse  Generation:  The  generation  of  ultzashort  pulses  in  the  picosecond  and 

subpicosecond  range  has  seen  much  progress  in  the  past  ten  years^^*^.  Many  of  these  laser 
systems  can  now  be  regarded  as  well  established  and  the  amplified  output  of  such  lasers  can 
serve  as  efficient  pump  sources  for  frequency  converters  to  generate  short  pulses  in  other 
spectral  regions.  The  doubling  of  ultrashort  pulses  is  limited  by  the  phase*matching 
bandwidth  of  the  crystal  and  the  group  velocity  broadening  of  the  SHG  pulse  via  nonlinear 
interaction.  Both  of  these  limitations  can  be  reduced  by  the  use  of  thin  crystal  or  by  group 
velocity  matching.  NCPM  consideration  is  not  applicable  here.  From  table  2,  it  can  be  seen 
that  for  most  nutterials,  the  allowable  crystal  length  is  substantially  less  than  1mm  if  pulses  of 
less  than  100  femtoseconds  are  to  be  generated.  A  large  d^f  coefficient  is,  therefore,  very 
inqwrtant  in  die  efficient  frequency  emversion  of  ultrashort  pulses. 


In  their  seminal  discussion  of  the  harmonic  generation  process,  Akmanov  et.  al.^^*^ 
estaUished  a  space-tiroe  analogy  for  nonlinear  optical  processes  and  applied  it  to  the  frequency 
doubling  of  ultrashoit  pulses.  They  proposed  that,  like  optimal  focusing  in  the  spatial  domain, 
there  exists  an  "optimal  compression"  of  the  pump  pulse  duration  in  the  time  domain.  Also, 

the  SHG  spectral  bandwith  is  inversely  proportional  to  the  crystal  length,  that  is,  AX  » 

5.5d/P^l.  For  a  1  ram  long  KDP  crystal,  the  calculated  spectral  bandwidth  at  630  nm  is  3.4 

nm.  The  spectral  width  of  a  transform  limited  SO  fsec  laser  pulse  at  this  wavelength  is  ~8  nm, 
suggesting  possible  bandwidth  limiting  of  the  SHG  inocess  if  a  1mm  crystal  is  used  to  double 
thesepulses.  Reductionttfdiectystallength  will  aUow  a  larger  portion  of  die  pump  qiectrum 
to  be  converted.  Akmanov  et  al.^^  has  analyzed  this  situation  and  predicted  a  linear 
dependence  of  the  SHG  power  on  crystal  length  far  SHG  bandwidth  limited  processes.  This 
suggested  that  together  with  optimal  focusing,  a  less  than  linear  dependence  of  the  SHG 
power  on  crystal  length  may  be  possible.  Such  a  slow  crystal  length  dependence  will  make  the 
optical  nonlineari^  even  noore  signifreant  as  it  allows  the  process  to  scale  as  -  (d^l)  instead 
of  Careful  SHG  eiqieriments  widi  femtosecond  pulses  should  allow  direct  testing  of 

this  amjecture. 


Another  interesting  possibility  ccmcems  the  damage  threshold  of  optical  materials.  It  is 
unclear  if  the  optical  damage  thresholds  obtained  for  different  materials  with  lumoseccmd  pulses 
can  be  extrapolated  into  the  femtosecond  regime.  For  instance,  photorefractive  damage  in 
LiNbOj  involves  the  ionization,  diffusion  and  subsequent  trapping  of  impurity  carriers^^.  It  is 
unclear  if  such  a  damage  mechanism  can  respond  to  femtosecond  excitations.  It  may  be 
wocthn^ule  to  re-examine  certain  nonlinear  optical  crystals  that  have  large  nonlinearity  but  were 
rejected  for  long  pump  pulse  application  due  to  their  low  photorefractive  damage  threshold. 
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4^  High  Average  Power  Frefluencv  Conversion:  TTiemial  Uading  of  the  nonlinear 
important  consideration  in  this  application.  Local  heating  of  the  crystal  due  to  die  absorption  of 
the  pump  radiation  can  result  in  thenxudly  induced  phase-mismatch  as  well  as  catastrophic 
crystal  damage.  Crystals  suitable  for  this  ^plication  should  have  good  thermal  characteristics 
such  as  high  thermal  conductivity,  large  fiacture  temperature,  small  temperature  sensitivity  and 
low  (^tical  absorption.  Higher  order  effects,  such  as  self-focusing  and  self-defocusing, 
should  also  be  considered  if  very  high  conversion  efficiency  is  to  be  obtained. 

As  many  high  average  power  lasers  exhibit  poOT  beam  quality,  materials  with  a  large 
angular  acceptance  are  especially  useful  in  this  application.  Eimerl^  has  proposed  the 
possibility  of  "overdriving"  a  frequency  conversion  process  under  high  average  power 
conditions.  It  was  reported  that  the  frequency  conversion  process  becomes  particulariy 
sensitive  to  beam  divergence  under  very  high  pump  intensity.  Interested  readers  should 
consult  reference  [4]  for  details. 

5)  Low  Average  Power/CW  Devices:  These  are  miniature  devices  used  as  a  convenient 
sources  of  intense  coherent  radiation  and  are  typically  included  as  a  part  of  another  instrument 
As  such,  these  devices  must  be  reliable  and  not  require  frequent  realignment  Most  of  these 
devices  ate  based  on  intracavity  frequency  conversion  (doubling  or  sum-mixing)  of  diode 
lasers.  Although  the  requirements  on  the  nonlinear  conversion  process  are  small  (~l-5%),  the 
low  puti^  power  demands  the  use  of  material  with  large  nonlinearity.  However,  the  nonlinear 
crystal  must  be  of  good  optical  quality  (and  must  retain  that  quality  under  normal  operating 
conditions)  to  avoid  interfering  with  the  operation  of  the  pump  laser.  As  in  the  case  of 
harmonic  generation,  NCPM  is  beneficial  to  the  reliable  operation  of  these  devices. 

6)  Laser  Fusion:  The  generation  of  high  energy  UV  pulse  (10  MJ)  for  inertia  confinement 
fusion  represents  an  extreme  in  the  scaling  of  nonlinear  frequency  conversion.  The  important 
factors  here  are  low  threshold  power,  good  UV  transparency,  high  damage  threshold, 
favorable  growth  characteristics,  cost  and  reliable  material  properties  which  allow  modular 
replacement  of  system  components.  The  needs  for  very  large  aperture  (70cm  x  70cm)  optical 
quality  crystal  demands  favorable  crystal  growth  characteristics,,  such  as  fast  growth  rate 
(preferrably  normal  to  the  direction  of  optical  interaction  for  the  production  of  thin  plates), 
crystal  chemistry  that  are  not  susceptible  to  small  concentration  of  impurity  dopants  and 
scalability  of  the  crystal  growth  techniques.  Reviews  on  this  subjects  can  be  found  in  reference 
[4.22], 

We  have  discussed  in  this  section  the  physical  characterization  of  a  nonlinear  optical 
material  and  outlined  the  material  requirements  for  several  device  applications.  It  is  hoped  that 
a  better  understanding  of  these  requirements  will  aid  in  the  search  and  development  of  novel 
nonlinear  optical  materials. 
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IL  HTSG  by  Top>seeding  :• 

In  the  past,  high  temperature  solution  growth  (HTSG)  was  primarily  used  in  small  scale 
exploratory  research  of  new  materials.  However,  during  the  past  two  decades,  it  has  gained 
much  popularity  arxmng  crystal  growers  and  is  now  routinely  used  in  the  production  of  large 
crystals  for  optical  and  electronic  applications.  The  major  reason  for  this  increased  popularity 
of  the  HTSG  technique  is  its  versatility.  Not  only  does  it  allow  the  growth  of  matnials  which 
carmot  be  grown  directly  from  melt  (e.g.  due  to  incongruent  melting  or  destructive  phase 
transitions),  it  can  also  be  used  to  produce  higher  quality  crystals  by  reducing  the  crystal 
growth  rate^ 

In  this  section,  we  review  some  of  the  recent  developments  in  HTSG.  In  particular,  we 
shall  limit  ourselves  to  the  specialized  technique  of  top-seeded  solution  growth  (TSSG).  Other 
techniques  such  as  the  seeded  Bennet-Tolksdorf  growth^*^  and  spontaneous  flux  growth^  will 
not  be  included  here.  Relevant  issues  concerning  the  ccmtrol  of  the  HTSG  process  will  be  very 
briefly  discussed.  A  survey  of  recent  technological  developments  in  the  TSSG  technique  will 
be  given.  There  are  many  excellent  reviews  of  HTSG  in  the  literanire**^.  Particularly  indepth 
discussions  of  all  aspects  of  HTSG  can  be  found  in  the  classic  work  by  Elwell  and  Scheel^. 


Basic  considerations  in  HTSG  > 

The  growth  of  bulk  crystals  from  high  temperature  solution  is  a  complex  process 
involving  the  interactions  of  many  chemical  and  physical  processes.  Chemically,  we  have  the 
solvation  and  desolvation  of  solute  by  solvent,  bulk  and  surface  nucleations,  crystal  growth 
habits,  incorporation  of  impurities  and  propagation  of  defects  during  growth.  Physical 
processes  include  the  dynamics  of  mass  and  heat  transport  which  are  governed  by  complex 
hydrodynamics.  Careful  control  of  many  of  these  processes  is  needed  in  mder  to  grow  large 
single  crystals  from  solution.  It  is,  therefore,  necessary  to  have  &  good  understanding  of  the 
relative  importance  of  these  processes. 

In  this  respect,  the  theOTy  of  crystal  growth  as  developed  by  Burtem,  Cabrera  and  Hrank^^ 
(BCF)  has  been  invaluable  in  providing  useful,  admittedly  qualitative,  guidelines  for  crystal 
growth  experiments.  The  currently  accepted  physical  model  of  crystal  growth  can  be  very 
briefly  described  as  follows.  The  'growth  unit’  in  the  vicinity  of  the  crystal  surface  diffuses 
through  a  solutal  boundary  layer  and  adsorbs  onto  the  crystal  surface.  It  then  diffuses  along 
the  surface  until  it  reaches  a  kink  where  it  is  incorporated  into  the  crystal.  In  diffusion  limited 
growth,  the  rate  lirruting  process  is  the  diffusion  of  'growth  unit'  through  the  boundary  layer. 
In  surface  kinetic  controlled  growth,  surface  diffusion  of  the  adsorbed  'growth  unit'  is  rate 
limiting.  Typically,  growth  from  solution  is  diffusion  limited.  In  either  case,  the  BCF  theory. 
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appropriately  adapted  to  solution  growth^  predicts  similar  dependence  of  the  growth  rate 
on  supersaturation.  At  low  supersaturation,  the  growth  rate  is  quadratic,  whereas  at  high 
supersaturation,  a  linear  growth  rate  is  found  A  pedagogic  discussion  of  the  BCF  theory  and 
related  stability  analyses  of  a  singular  crystal  surface  can  be  found  in  reference  [9]. 

In  a  seeded  growth  experiment  where  the  primary  objective  is  the  production  of  a  large 
defect'fiee  single  crystal,  die  relevant  factcvs  are:  the  physioK:hemical  prqierties  of  noolten  salt 
solution;  the  supersaturation;  the  kinetics  of  crystal  growth;  the  mechanisms  of  inclusions  and 
defect  formations  and  the  hydrodynamics.  It  is  the  proper  manipulation  of  these  factms  that 
allows  the  controlled  growth  of  large  defect-free  crystals.  The  optimization  of  these  factors  for 
the  growth  of  bulk  crystals  from  high  temperature  solutions  has  been  lucidly  discussed  by 
Schcel^ 

The  ideal  situation  for  favorable  solution  growth  can  be  stated  quite  simply,  i) 
Chemically,  the  solvent  should  have  high  solubility  to  give  favorable  crystal  yield  It  should 
also  be  chemically  different  from  the  crystal  constituents  such  that  it  can  be  favorably  rejected 
from  the  growing  crystal,  ii)  The  latnal  (i.e.  parallel  to  the  crystal  surface)  temperature  and 
solutal  concentration  gradients  should  be  zero  to  prevent  solvent  inclusion  by  the  bunching  and 
overlaying  of  growth  steps^^.  The  normal  temperature  gradient  should  be  large  and  positive 
(i.e.  the  temperature  increases  as  one  moves  away  from  the  crystal  surface)  to  satisfy  the 
constitutional  supercooling  condition  for  high  stable  growth  rate^^.  iii)  The  bulk  solution 
should  be  homogeneous  (in  temperature  and  supersaturation)  throughout  to  avoid  temperature 
oscillations  due  to  natural  convection.  Naturally,  the  supersaturation  level  should  be  within  the 
Ostwald-Miers  zone  such  that  spontaneous  nucleation  does  not  occur. 

To  create  such  a  situation  in  a  real  crystal  growth  experiment  is,  however,  no  easy  task. 
Typically,  the  only  parameters  which  are  at  the  disposal  of  the  crystal  grower  are  the  choice  of 
solvent,  the  growth  temperature  and  the  mechanism  for  stirring  the  solution.  Doe  to  the 
coupling  of  the  factors  outlined  above,  it  is  often  impossible  to  independently  effect  changes  to 
one  of  these  factors.  The  need  to  create  favorable  growth  conditions  local  to  the  growing 
crystal  and  to  nuuntain  global  homogeneity  of  die  bulk  solution  poses  severe  cballeages  to  die 
design  of  HTSG  apparatus.  Indeed  it  is  this  particular  property  that  is  most  important  in  the 
scaling  of  a  HTSG  process  for  producing  larger  crystals.  In  what  follows,  we  shall  discuss 
advances  concerning  the  control  of  these  parameters  in  the  top-seeded  method  of  HTSG. 

TSSG  is,  in  many  respects,  identical  to  the  C!zochralski  growth.  In  fact,  during  its  early 
development,  the  technique  had  been  called  "modified  Czochralski  growth”  As  this  earlier 
name  suggests,  a  high  temperature  solution  is  contained  in  an  open  crucible  and  a  seed  which  is 
attached  to  a  crystal  puller  type  mechanism,  is  allowed  to  come  into  contact  with  the  solution 
where  the  growth  takes  place.  The  supersaturation  can  be  induced  by  slow  cooling  or  by 
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thermal  gradient  transport.  Both  resistive  heating  and  inductive  heating  are  in  common  use. 
Stirring  is  usually  provided  by  directly  rotating  the  growing  crystal.  A  schematic  of  the 
technique  is  shown  in  figure  1. 

Despite  the  similarity,  important  differences  exist  between  the  two  techniques.  In 
Czochralski  growth,  the  crystal  grows  by  the  solidification  of  a  stoichiometric  melt.  Crystal 
growth  by  solidification  is  generally  (with  the  exception  of  certain  nonstoichiometric  solid 
solutions^^)  far  more  forgiving  towards  temperature  fluctuations  than  in  the  solution  growth 
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Thermocouple 


25 


1.  Schematic  of  a  typical  high  temperature  tt^seeded  solution  growth  set  up. 
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case  where  one  has  to  work  within  the  limit  of  the  Ostwalds-Miers  region.  Therefore  much 
attention  is  needed  to  avoid  large  temperature  fluctuations  both  within  and  above  the  solution. 
To  ensure  growth  stability,  the  growth  interface  must  be  in  good  thermal  conuct  with  the 
solution  (either  by  submerging  the  crystal  entirely  or  by  keeping  the  growth  interface  just 
below  the  solution  surface).  Growth  via  meniscus  contact,  which  is  characteristic  of  the 
Czochralski  method,  experimentally  has  led  to  poor  unstable  growth.  This  is  presumably  due 
to  the  small  thermal  mass  of  the  meniscus  layer  and  the  intrinsic  slow  growth  rate  attainable 
from  the  solution  growth  method. 

The  TSSG  technique  has  many  advantages  over  other  HTSG  techniques.  The  most 
significant  of  these  is  that  it  allows  the  growth  process  to  be  monitored  by  rather  simple  means. 
For  systems  with  growth  temperatures  below  ~800PC,  direct  visual  observation  can  usually  be 
made.  For  temperatures  well  above  ~1200°C,  indirect  methods  such  as  boule  weighing^^  may 
be  used.  As  the  typical  growth  period  runs  from  a  week  to  months,  the  ability  to  observe  the 
quality  of  the  growing  crystal  can  lead  to  substantial  savings  of  system  run  time  since  it  allows 
decisicms  to  be  made  to  abort  a  growth  run  that  has  been  spoiled  by  spontaneous  nucleation. 
Correlation  of  the  ctxitrol  parameters  to  experimental  results  are  also  more  straightforward. 

The  importance  of  real  time  growth  noonitoring  carmot  be  overstated.  For  many  crystals, 
it  is  empirically  found  that  dissolution  of  the  outer  most  layer  of  the  seed  prior  to  growth 
substantially  increases  the  quality  of  the  grown  crystal^®**^.  Without  real  time  mcxtitoring,  the 
dissolution  can  be  carried  out  with  repeated  success  only  if  very  precise  solubility  data  are 
available.  Even  then,  die  finite  response  time  of  any  thermal  system  prevents  direct  scaling  of 
the  dissolution  recipe  which  has  been  developed  for  a  smaller  system.  During  the 
developmental  stage  of  a  new  material,  reliable  solubility  data  are  often  unavailable  and  poor 
growth  irutiations  can  coiiq)licate  the  intopretation  of  the  experinoental  results,  not  to  mention 
the  risk  of  losing  valuable  seed  material  during  the  dissolution  process.  Thoefrm,  it  is  our 
opinitxi  that  unless  absolutely  necessary,  real  time  monitoring  (such  as  visual  feedback)  should 
not  be  compromised  in  the  design  of  a  TSSG  apparatus. 

Another  big  advantage  of  the  TSSG  method  is  the  relative  ease  of  implementation.  It 
allows  the  simple  separation  of  the  crystal  from  the  solution  and  avoids  possible  mechanical 
stress  on  the  grown  crystal  caused  by  die  differential  thermal  expansion  between  the  crystal  and 
the  solidifying  melt  Compared  to  the  Bennet-Tolkdorf  spherical  cracible  techtuqu^,  the  top 
seeding  method  is  relatively  inexpensive  and  does  not  require  re-fabrication  of  the  crucible 
between  runs.  The  growth  process  can  be  initiated  with  little  to  no  disruption  to  the 
temperature  of  the  growth  system^^  One  serious  drawback  of  TSSG  is  that  its  use  is  limited 
to  nonvolatile  solutions.  When  volatile  solution  must  be  used,  the  Bennet-Tolkdorf  technique  is 
superiOT. 


Nonlinear  optical  crystals  for  frequency  conversion 


27 


Recent  developments 

Three  areas  of  developments  are  particularly  relevant  to  the  TSSG  techniques;  1) 
chemistry  of  molten  salt  solutions  as  related  to  HTSG;  2)  investigations  of  the  accelerated 
crucible  rotation  technique  (ACRT)  as  an  effective  method  for  melt  homogenization;  and  3) 
novel  designs  of  TSSG  apparatuses. 

1)  Molten  salt  chemistry:  The  highly  corrosive  nature  of  high  temperature  solvents  is  often 
blamed  for  severely  limiting  the  technical  implementadon  TSSG  (see  below).  Ircmically,  it  is 
this  corrosive  property  that  gives  HTSG  its  versatility.  The  direct  coulombic  interactions 
among  the  ions  of  the  solvent  and  solute  malfg  the  chemistry  of  HTSG  far  richer  than  its  low 
temperature  counterpart,  where  the  weak  dipolar  interacdon  dominates.  For  a  given  material,  a 
high  ten^)erature  solvent  with  a  sufficiendy  high  solubility  can  usually  be  found  due  to  the  ion 
pairing  and  Debye  shielding  mechanisms  that  are  present  in  an  ioiuc  liquid.  During  the  growth 
process,  the  same  coulombic  interacdon  allows  the  efficient  rejecdmi  of  sdvent  ions  which  are 
of  different  valences  and  itxuc  radii.  This  is  in  stark  contrast  widi  the  low  temperature  soludon 
growth  case  where  the  dipole  moment  of  the  solvent  must  serve  the  contradicting  funcdons  of 
providing  hi^  solubility  and  high  solvent  rejecdon. 

Besides  some  simple  and  intuidvely  obvious  rules^*^,  there  exists  no  systematic  criteria 
for  the  selection  of  an  appropriate  solvent  for  a  given  material.  Elwell^  has  emphasized  the 
importance  of  olMaiidng  better  understanding  of  the  physio-chemical  nature  of  fluxed  melts. 
Specifically,  Scheel^  has  suggested  the  need  for  a  better  understanding  of  the  roles  of  certain 
basic  oxides/fiourides  (e.g.  PbO-PbF2)  and  other  acidic  oxide  additive  (e.g.  B2O3,  V2O5)  in 
the  growth  of  oxide  compounds.  Experiments  in  the  past  ten  years  have  provided  more 
insights  into  the  structure  of  the  complex  ions  in  flux  soludons^^.  Experimental  evidence 
indicates  that  cotrq)lex  formation  in  basic  oxide  solution  (e.g.  PbO)  involves  varying  numbers 
of  O^'  ions.  It  was  speculated^  that  the  larger  the  complexes,  i.e.  the  more  O^'  ions  ate 
around  the  solute  ion,  the  more  unfavorable  the  growth  process.  The  question  concerning  the 
structure  of  fluxed  melts  is  a  very  complicated  one  and  it  is  still  too  early  to  say  if  useful 
generalizations  can  be  made  concerning  the  selection  of  various  high  temperature  solvents  for  a 
particular  purpose. 

A  very  significant  development  has  been  reported  by  Wanklyn^^*^  cottceming  the 
modification  of  growth  habits  of  many  refractory  oxides,  including  the  rare-earth  phosphates 
(RPO4)  and  borates  (RBO3)  (where  R  =  rare  earth).  It  was  demonstrated  that  the  judicious 

control  of  the  relative  concentrations  of  the  acidic  and  basic  oxides  (or  flourides),  can 
significantly  improve  the  geometry  (i.e.  the  aspect  ratio)  of  the  grown  crystal^.  There  are  also 
indicatums  that  the  acid/base  ratio  can  be  employed  to  reduce  spurious  nucleations.  The  exact 
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mechanism  for  the  habit  modification  is  not  well  understood,  although  several  explanations 
had  been  suggested  by  the  authm*.  Details  of  these  advances  have  been  reviewed  by  Wanklyn^ 
recently. 

2)  Stirring  in  TSSG:  Stirring  of  the  solution  serves  two  purposes,  i)  It  reduces  the 
natural-convection-induced  temperature  oscillations  by  homogenizing  the  bulk  solution,  ii)  It 
brings  nutrient  to  the  growing  crystal  efficiently  so  that  a  higher  stable  growth  rate  can  be 
achieved.  The  importance  of  efficient  forced  convections  in  crystal  growth  has  gained  much 
recognition  during  the  past  decade.  This  is  particularly  true  in  the  low  temperature  solution 
growth  of  large  KDP  crystals  used  in  inertial  confinement  fusion.  The  need  to  eliminate  the 
lateral  solutal  concentration  gradient  across  a  large  crystal  suface  demands  very  efficient  stirring 
mechanism.  Through  efficient  stirring  and  rigorous  control  of  spurious  nucleations,  solution  of 
KDP  "can  [now]  routinely  be  cooled  \2°C  below  the  saturation  point"^.  Discussion  of  these 
significant  developments  will  bring  us  too  far  from  the  stated  objective  of  this  paper.  Interested 
reackxs  should  consult  the  recent  review  by  Bordui^. 

Due  to  the  small  size  of  the  melt  volunoe,  the  corrosive  nature  of  fluxed  melt  and  the 
unavailability  of  cheap  machinable  high  temperature  materials,  implementation  of  forced 
convectitm  in  TSSG  is  technically  difficult  The  two  most  widely  used  stirring  mechanisms 
are  the  rotation  of  the  seed  (or  seeds  mounted  on  a  stirrer)  and/or  tiie  rotation  of  the  crucible. 
Experiments  using  these  techniques  can  be  readily  found  in  the  literatuie^*^^ 

A  comment  is  needed  concerning  the  difference  between  seed  rotation  and  crucible 
rotation.  Based  on  the  model  put  forward  by  Carison^^^,  the  maximum  stable  growth  rate 
was  found  to  be  determined  by  the  flow  velocity  at  die  growing  interface.  Therefore  direct  seed 
rotation  is  preferred  over  crucible  rotation  as  it  allows  more  ditect  control  of  the  fluid  flow  at 
the  growdi  interface.  However,  during  the  early  stage  of  a  crystal  growth  experiment,  the  seed 
crystal  may  be  too  small  to  provide  efficient  homogenization  of  die  bulk  solution.  If  crucible 
rotation  is  not  implemented,  natural-convection-induced  temperature  oscillations  may  affect  the 
initial  growth  of  the  seed  crystal.  As  the  growth  is  most  unstable  when  the  crystal  is  small  (i.e. 
fw  the  same  bulk  supersaturation)^^,  ways  to  suppress  natural  convections  at  this  early  stage 
should  be  implemented. 

Recently,  there  has  been  an  increasing  interest  in  applying  the  ACRT  to  TSSG.  Since  its 
invention,  ACRT  has  recieved  wide  acceptance  amoung  crystal  growers.  Its  uncanny  ablility 
to  homogenize  the  bulk  solution  has  now  been  well  documented^*^^.  The  technique  has  also 
been  applied  to  other  areas,  such  as  the  Bridgeman  growth  method^®  and  greatly  improved 
results  were  reported.  In  this  technique,  the  crucible  rotation  is  periodically  accelerated  and 
decelerated.  The  amplitude  and  period  of  the  acceleration/deceleration  cycle  are  typically 
-±10-60  rpm  and  -0.5-10  minutes.  The  mixing  effect  in  ACRT  is  due  to  the  ensuing  spiral 
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shear  flow  and  Eckman  flow  as  the  crucible  is  being  accelerated  and  decelerated.  Details  of 
ACRT  can  be  found  in  reference  [1,9,34-35], 

Progress  in  this  area  is  primarily  in  the  detailed  understanding  of  the  ACRT  process  in  the 
TSSG  configuration.  Experimental  and  computer  simulations  of  the  hydrodynamics  of  ACRT 
in  TSSG  have  been  carried  out  by  Rappl  et.  al.^^  and  Mihelcic  et.  al.^®.  From  these 
investigations,  it  can  be  concluded  that  ACRT  can  indeed  provide  effective  bulk 
homogenization  in  additon  to  the  mixing  due  to  unidirectional  seed  rotation.  It  is  perhaps  safe 
to  conclude  also  that  there  exists  a  region  of  applicability  (i.e.  within  the  ACRT 
amplitude-period  parameter  space)  beyond  which  either  inefficient  mixing  or  hydrodynamic 
instability  sets  in.  As  these  analyses  were  based  on  simplified  thermal  boundary  conditons  that 
were  different  fix)m  those  found  in  typical  TSSG  experiments,  care  must  be  exercised  in  the 
use  of  these  results.  Simulation  experiments  using  more  realistic  boundary  conditions  were 
reportedly  under  investigation-*. 

Results  on  the  hydrodynamic  simulation  of  TSSG  in  the  absence  of  crucible  rotation  has 
been  reported  by  Nikolov  and  coworkers^^.  The  same  authors  have  also  investigated  the  effect 
of  hydrodynamic  on  the  defect  structures  of  TSSG  grown  YIG  crystals^®. 

31  Novel  designs  in  TSSG  apparatus:  The  size  and  complexity  of  a  TSSG  apparatus  depend 
very  much  on  the  characteristics  of  the  crystal-solvent  system  as  well  as  on  the  size  and  quality 
of  the  crystal  needed.  In  general,  the  more  unfavorable  the  growth  characteristics  (e  g. 
spurious  nucleation,  compositional  inhomogeneity,  low  solubility.. ..etc),  the  more 
sophisticated  the  apparatus  must  be.  Design  schematics  of  several  TSSG  apparatuses  have 
been  reponed*®**^*^**^**^2 

Two  particularly  noteworthy  technological  implementations  of  TSSG  were  reported 
recently.  In  1986,  Xing  and  coworkers^^  reported  the  successful  implementation  of  boule 
wei^iing  in  TSSG  for  the  develt^ment  of  large  KNb03  crystal  By  keeping  die  crystal  pulling 
rate  ctmstant  and  manually  adjusting  the  cooling  rate,  very  good  diameter  control  was 
denxmstrated.  It  was  also  reported  that  the  boule  weighing  apparatus  facilitated  the  seeding 
process  by  allowing  direct  monitoring  of  the  growth  and  dissolution  of  the  seed  crystal 
iinnaediately  after  its  iiisettion  into  the  rrielt 

Another  significant  innovation  was  reported  by  Bordui  et.  al.*^.  In  their  experiment,  a 
heat  pipe  fumance  with  liquid  sodium  as  the  heat  conducting  medium  was  used  to  provide  a 
high  degree  of  spatial  temperature  uniformity  in  the  central  region  of  the  fumance  cavity.  It 
was  reported  that  the  heat  pipe  fumance  successfully  reduced  the  natural  buoyancy-driven 
ctmvection  to  a  negligible  level  thoughout  the  entire  230  ml  melt  volume.  Such  a  high  degree 
of  temperature  uniformity  should  prove  invaluable  for  controlling  spurious  nucleations  in 
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solutions  that  have  a  narrow  Ostwald-Miers  zone.  The  high  efficiency  of  the  heat  pipe 
fumance^^  may  also  prove  to  be  important  in  the  scaling  of  the  TSSG  process.  Increased 
application  of  the  heat  pipe  fumance  to  the  growth  of  bulk  crystals  from  TSSG  and  other 
methods  can  be  expected. 

In  summary,  we  have  briefly  discussed  here  issues  that  are  important  in  the  design  of 
TSSG  experiments  and  reviewed  some  advances  in  the  growth  of  bulk  crystals  using  the  high 
temperature  top-seeded  solution  growth  technique.  These  advances  have  recently  led  to  the 
successful  commercial  production  of  large  single  crystal  of  several  promising  nonlinear  optical 
crystals  including  KTP,  p-BaB204  and  KNbO^.  In  the  next  section,  we  shall  discuss,  as  a 
specific  exan^le,  the  growth  and  characterization  of  the  recently  discovered  p-BaB204  crystal 


in.  Crystal  Growth  and  Characterization  of  3-608204 

The  existence  of  a  high  and  a  low  temperature  phase  of  crystalline  barium  metaborate  was 
first  discovered  by  Levin  and  McMurdie^  in  1949.  Wier  and  Schioeder^  obtained  the  far 

infrared  spectra  (S-20iim)  of  the  two  phases  and  proposed  the  planar  six-membered 
boron-oxygen  ring  (830^)^  as  a  viidile  structural  building  block  for  barium  metaboiate.  This 
was  later  confirmed  by  the  X-ray  measurement  of  Mighell,  Perloff  and  Block^,  who 
determined  the  crystal  structure  of  the  Ugh  temperature  phase  barium  metaborate. 

The  possibility  of  obtaining  large  second  order  polaiizabdlity  in  the  planar  boroxol  ring 
(830^)^'  was  first  recognized  by  Chen^  in  1979.  He  argued  that  analoguous  to  tiie  large 
nonlinearities  obtainable  from  the  benzene  ring  of  organic  crystals,  there  should  be  a  large 
nonlinearity  associated  with  materials  that  have  the  (8305)^*  ring  as  a  structural  unit.  It  was 
reasoned  that  due  to  the  large  difference  in  the  electronegativity  of  boron  and  oxygen,  crystals 
with  the  planar  boroxol  ting  struciural  units  should  be  transparent  further  into  the  ultraviolet 
than  its  organic  counterparts,  making  it  particularly  attractive  for  the  frequency  doubling  of 
visible  radiation.  Systematic  investigations  by  Chen  and  coworkos^  subsequently  led  to  the 
discovery  and  growth  of  the  new  nonlinear  qrtical  crystal  3-8a8204. 


In  this  section,  we  review  the  growth  and  characterization  of  3-8a8204.  Discussion  on 
crystal  growth  will  be  based  on  work  reported  by  Jiang  et.  al.^  and  on  crystal  growth 
experiments  carried  out  in  our  laboratory.  The  optical  characteristics  of  3-8a8204  will  be 
summarized  and  several  applicaticxis  of  the  crystal  will  also  be  discussed. 


Crystal  Growth:- 
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Direct  Czochralsld  growth  of  barium  inetab(»ate  yields  the  high  temperature  (a)  phase 
crystal  belonging  to  /?  3c  group.  Second  order  nonlinear  optical  effect  is  not  possible  in  the 
a-phase  due  to  the  inversion  symmetry.  The  crystal  undergoes  a  structural  phase-transition  at 
-925°C  upon  cooling,  to  give  the  accentric  low  temperature  (P)  phase  crystal.  However,  the 
phase  change  leads  to  severe  cracking  of  the  crystal,  making  it  necessary  to  grow  large  single 

crystal  p-BaB204  fiom  a  high  temperature  solution. 


Numerous  fluxes,  primarily  the  alkali  oxides  and  borates  (e.g.  Na20,  K2O,  KBO2, 
LiB02,  and  NaB02)  and  die  tare  earth  halides  (BaQ2  and  BaF2),  had  been  investigated  for  the 
growth  of  p-BaB204^’^.  Jiang  et  aL  had  concluded  that  the  best  results  were  obtained  with  the 
BaF2-BaB204  and  Na20.BaB204-BaB204  systems.  Liebertz  and  Stahr^  had  also  reported 
the  growth  of  small  p-BaB204  crystals  ftom  Na2B407  flux.  The  details  on  their  growth 
experiments,  however,  were  not  available. 

The  experimental  determination  of  the  liquidus  curves  and  the  Ostwald-Miers  zone  for  die 
BaF2-BaB204,  BaCl2-BaB204  and  Na20.BaB204-BaB204  systems  arc  given  in  reference  [8]. 
The  applicability  of  these  systems  to  the  growth  of  large  single  crystals  of  P'BaB204  are  also 

briefly  discussed  there.  Interested  readers  should  consult  the  original  reference  for  details.  In 
what  follows,  we  shall  discuss  experiments  carried  out  in  our  labmatory  for  die  growth  of 
huge  p-BaB204  crystals. 

Like  Jiang  and  cowoikers,  we  adopted  the  TSSG  technique  (see  section  II)  since  it  is  not 
possible  to  separate  the  flux  from  the  p-BaB204  crystals  by  chemical  etching  at  room 
temperature.  All  crystal  growth  experiments  were  carried  out  in  two  top-seeded  solution 
growth  apparatuses  which  are  similar  to  the  system  described  by  Elwell  and  coworkers^^.  We 

have  used  both  the  Na2B204-BaB204  and  the  Na20.BaB204-BaB204  systems  in  our 
experiments.  Although  it  was  possible  to  obtain  small  crystals  from  both  of  these  systems,  we 
found  that  under  similar  growth  conditions,  large  transparent  crystals  were  more  readily  grown 
fiom  the  Na20  flux.  Crystal  boules  grown  fiom  the  Na2B204-BaB204  sy'  'm  were  plagued 
with  small  inclusion  spots.  Microscopic  examination  revealed  a  densely  pitted  growth  interface 
which  may  be  responsible  for  the  observed  inclusions.  In  contrast,  the 

Na20.BaB204-BaB204  system  produced  crystals  with  glassy  surfaces  and  very  few 
inclusions.  We  therefore  concluded  that  Na20  is  the  preferred  high  temperature  solvent  for  the 
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growth  of  p>BaB204.  The  theoretical  yield  of  the  Na20.BaB204'BaB204  system  is  given  in 
figure  2.  The  curve  was  obtained  frcun  the  phase  diagram  reported  in  reference  [8].  A  melt 
composititHi  of  -68%:32%  =  BaB204:Na20.BaB204  was  used  in  our  experiments  in  (Hder  to 
keep  the  liquidus  tenqteratuie  below  the  phase  tranation  tenqteratuie  of  the  crystal 

Seed  crystals  were  obtained  by  spontaneous  nucleation  on  a  platinum  cold  finger.  A 
temperature  oscillation  technique^  ^  was  used  to  limit  the  number  of  nuclei  formed.  These 
experiments  Qipically  yielded  diin  crystal  boules  (~2mm  x  40mm  in  diameter)  widi  fairly  large 
clear  regions.  Qystal  plates  of  up  to  -Icm^  x  1-2  mm  were  obtained  this  way.  They  were 
statistically  sampled  to  determine  the  optimal  seeding  orientation.  \  was  reasoned  that  the  large 
crystal  plates  were  formed  from  nuclei!  which  had  a  favorable  orientation  with  respect  to  the 
melt  surface.  The  preferred  seeding  direction  was  found  to  be  with  die  crystallographic  c  axis 


2.  Theoretical  yield  for  the  Na20.BaB204-BaB204  system.  The  melt  volume  is  ~  40  ml. 

The  plot  is  based  on  phase  ^gram  published  by  Jiang  et.  al.  and  is  found  to  be  in  good 
agreement  with  our  experiments. 
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nofinal  to  die  melt  surface.  This  was  later  ccmfinxied  by  separate  seeded  growth  experiments 
(below).  It  is  possible  that  the  method  used  here  to  detennine  the  qHimal  seeding  direction 
may  also  be  applicaUe  to  the  develcqiment  of  other  crystals,  eqiecially  ones  which  exhibit  a 
strong  anisotropy  in  growth  halnts. 

The  typical  growth  experiment  goes  as  follows:  the  starting  materials  (in  powder  form) 
are  mdted  into  the  crucible  in  several  batches.  The  melt  is  homogenized  at  -50°C  above  the 


P-BaB204  crystals  grown  in  our  laboratory.  fTop)  The  boule  shown  is  15mm  thick  with  a 
central  inclusion  region  of  ~l>2mm  thick.  The  dark  spots  are  solidified  flux  attarfied  to  the 

bottom  of  dre  boule.  (Bottom)  -  The  translucem  appearance  of  die  cry^  shown  in  the 

\xppa  nght  hand  comer  was  due  to  moisture  dama^  of  die  surface.  We  obs^ed  a  lone 

term  (~months)  surface  degradation  when  the  crystal  was  exp(^  to  a  hot  and  humid 

environment  The  effect  is  negligiUe  under  condititms  typi^  to  an  optics  labonutxy. 
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liquidus  tenq)erature  for  12-36  hours  before  seeding.  The  seed  is  allowed  to  come  into 
contact  widi  the  melt  at  a  temperature  slightly  hitter  than  the  liquidus  teoqierature  to  allow  die 
slight  dissolution  of  the  seed.  The  temperature  of  the  system  is  then  reduced  in  a  programmed 
manner  to  induce  growth.  We  chose  not  to  submerge  the  seed  entirely  so  that  the  growth  can  be 
monitored  visually  throughout  the  experiment  (see  section  II).  At  the  end  of  die  growth  run,  the 
boule  is  drawn  out  of  the  melt  by  a  puller  mechanism  and  slowly  cooled  to  room  lenqierature. 
Typical  crystal  boules  (dxained  are  shown  in  figure  3.  Crystal  boules  of  up  to  15  mm  x  60  mm 
diameter  have  been  produced  in  our  laboratocy.  Figure  4  is  a  lOx  magnification  of  the  top 

surftce  of  a  typical  p>BaB204  crystal  boule.  Inspite  of  the  abseil  of  large  and  well  defined 

crystal  facets  in  ^-6x6204,  figure  4  denxmstrates  that  some  degree  of  layered  growth  clearly 
exists. 

To  check  the  validity  of  the  published  phase  diagrams,  careful  measurement  of  the  melt 
temperature  was  made  in  several  growth  runs  such  diat  the  esqietimental  crystal  yield  can  be 
compared  to  the  theoredcal  crystal  yield  given  above.  Table  4  summarues  the  results  of  diese 
experiments.  Our  results  are  in  bener  agreement  with  the  phase  diagram  given  by  Jiang  eta!.^ 
than  with  that  given  in  reference  [S].  The  small  disagreements  between  our  data  and  the 
predicted  values  is  likely  doe  to  die  die  uncertainty  in  die  mdt  temperature  measurements  and 
material  lost  to  melt  supersatnration  at  the  end  of  die  growth  runs. 


—  t 

Evidence  of  layered  growth  observed  on  die  top  surface  of  the  as  grown  p-BaB204  boule. 
The  bunching  of  the  growth  steps  at  die  lower  right  hand  comer  is  believed  to  be  due  to  the 

the  depletion  of  nutrients  as  the  mmiscus  recedes  from  die  top  surfine  of  die  boule.  Masker 
represents  2(X)  pm. 


35 


Nonlinear  optical  cryataia  for  frequency  converaion 

Table  4:  Qystal  yield  based  on  the  phase  diagram  of  BaB204  -  Na203ajB204  :• 


Run  # 

Growth  Range  pC] 

Eiqiected  yield  [  cm^  ] 

Actual  yield  [  cm^  ] 

on 

902  ->  839 

5.0 

5.2 

014 

885  ->  825 

4.3 

4.6 

012 

893  ->  790 

6.7 

6.1 

OIS 

905  ->  775 

8.5 

8.7 

Growth  experiments  with  the  seed  orioimd  at  QP.  40^  and  90^  (angle  between  die  c  axis 

and  die  melt  normal)  were  carried  oot  to  determine  the  optimal  seed  orientation  and  to  test  die 
validity  of  the  statistical  qiptoach  mentioned  lUiove.  We  found  unambiguously  that  die  40^  and 
90^  seeding  led  to  substantially  more  inclusiMis  and  cracks  under  cimiiiir  growth  conditions. 
For  the  90P  seeding  run,  the  cracks  were  highly  parallel  and  were  normal  to  the  c  axis,  Thisis 
in  agreement  with  the  presence  of  a  cleavage  plane  normal  to  the  [OOlOl]  direction* 
CSeavage  planes  that  ate  ~4S°  to  thee  axis  have  also  been  observed. 


—  t 


3.  A  needle-duqied  crystal  grown  under  spontaneous  growth  conditions.  The  flat  ends  are  due 
to  the  [(XX)1]  cleavage.  The  polar  axis  is  in  die  long  direction.  Marker  represents  200  pm. 


36 


L.  K.  Cheng  ere/. 

Very  Strong  growth  aaisotroi^  W63  observed  under  spontaneous  growth  conditions.  In 
diis  case,  h-BaB2Q4  crystallizes  in  the  form  of  weakly  facetted  kmg  needles  with  thee  axis  in 
die  long  diiection  (see  figure  5).  Under  contndled  growth  conditions,  die  crystak  do  not  form 
any  growth  facets.  This  suggests  that  die  interfacial  attachment  impedance  is  small  conqiared 
to  the  mass  tranqioit  or  diermal  transport  inqiedance.  Crystal  boules  shown  in  figure  3  have 
the  c  axis  normal  to  die  plane  of  pqier.  Microscqiic  examinatiem  of  the  shallow  flaw  region 
(•.1.2mm  thick)  at  the  center  of  the  boule  revealed  highly  regular  tri^nal  pyramids  buried 
under  uncontrolled  giowdi.  We  qieculate  that  these  facets  are  the  (llll)  faces.  The  presence 
of  die  uncontndled  growth  made  a  direct  measurement  difficult.  The  cause  of  die  central  flaw 
rt^on  is  bdieved  to  be  due  to  the  poor  stirring  at  the  center  of  the  boule  and  the  increased  melt 
viscosi^  atlow  temperature. 

At  least  two  types  of  inclusitms  were  observed:  flux  inclusion  and  bublde  inclusion. 
These  axe  shown  in  figure  6  and  7  reflectively.  The  flux  inclusions  are  observed  near  the 
outer  edge  (a  -  2mm  thick  ring)  of  the  boule.  These  inclusions  were  found  to  be  parallel 
around  the  entire  cheumferenbe  of  the  disc-like  boule.  As  one  inoves  along  the  circunaference, 
the  nail-shfied  inclusions  (S-txq>)  transfonn  into  boomerang  shapes  (S-bottom)  and  dien  back 
to  nail  shfies  which  ate  mimr  images  of  the  original  ones.  This  strong  trigonal  pattern 
correlates  very  well  with  the  trigonal  pyramid  facets  observed  above.  The  fonnation  oi  these 
inclusions  could  be  attributed  to  the  increased  radial  temperature  gradient  and  the  larger 
tenqxsatuie  fluctuations  near  die  edge  of  die  crucible. 

Hgute7isapictoteof  a  single  layered  small  bubbles  trapped  at  die  bottom  of  a  crystal 
bode.  The  trapping  is  diought  to  be  due  to  the  intennption  of  stirring  at  the  end  the  growdi 
ruiL  Similar  trapping  of  inclusions  has  been  observed  by  Scheel  and  Elwell^^.  The  bubUes 
are  believed  to  be  CO2  formed  fitom  trace  amounts  ci  unreacted  starting  materiaL  Redons 

immediately  above  diese  bubbles  were  found  to  be  virtually  bubble  firee,  suggesting  that  die 
crystal  grows  in  a  way  that  efitidendy  rc^ts  the  trapping  of  these  flaws*^.  Isolated  bubbles 
have  also  been  seen  in  die  crystal  bulk  near  the  center  die  bode. 

As  discussed  in  section  n,  die  ^fidency  of  solvent  rejection  by  the  growing  crystal  is 
determined  by  die  chendcal  difference  (e.g.  in  the  ionic  radii  and  the  valencies)  among  the 
solvent  and  solute  ions.  The  solvents  listed  at  die  begiiming  of  diis  sectiem  all  have  valoides 
difieient  from  p-BaB204,  that  is,  diey  ate  dther  alkali  oxidesfooiates  or  barium  halides.  The 
significance  of  this  solvent  selection  rule  was  very  wdl  demonstrated  by  die  impurity  contents 
in  our  d-BaB204  crystals.  The  metal  impurities  that  are  present  in  the  melt  and  in  the  crystal  are 
shown  in  Table  5.  Inspite  of  the  hi^  concentration  of  the  Na'*'  in  the  melt  (Na'*’  is  a  naajOT 
constituent  in  the  Na20.BaB204-BaB204  system),  only  ~1(X)  ppm  were  detected  in  the  final 
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6.  Nul-shaped  (top)  and  boomenmg-iluqped  (bottom)  flux  indusioos  observed  near  the  edge 

oftheboule.  See  text  for  diacnssioa.  Mariter  represents  200  pm. 

crystals.  This  it  in  contrast  to  die  divalent  cations  (Ca^  and  which  have  a  partition 
coefiflcient  of  near  unity  for  dieir  incciporation  into  the  crystals.  We  did  not  observe  any 
duutge  in  the  properties  of  our  crystals  due  to  die  presence  of  diese  impurities. 

Our  crystal  growdi  esqieiiineats  indkaie  that  p-BaB204  possesses  many  favorable  growth 
characteristics.  Large  optical  quality  crystals  can  be  readily  grown  using  the 
Na20£aB204-BaB204  system.  Qystals  obtained  flom  different  growth  runs  show  identical 
phytical  properties  and  we  found  no  evidence  of  any  inhermt  compositimial  inhomogeneity. 


7.  Bubble  indu^ons  observed  near  Ae  bottom  surface  of  the  aystal  boule.  This  single  layer 

of  bubbles  was  trapped  due  to  the  interrupdmi  of  stirring  at  the  end  of  the  growth  run. 

Mariter  rqnesents  200  pm. 

Optimization  of  the  growth  parameters  should  allow  Ae  eliminatitm  of  Ae  few  microscopic 
inclusions  currendy  present  in  our  crystals. 

The  largest  crystal  that  can  be  cut  firom  our  crystal  boules  is  -  1  cm^.  This  is  primarily 
lindted  by  Ae  thickness  of  Ae  Asc-like  boules.  To  obtain  crystals  wiA  Icmger  interaction 
lengA,  it  is  necessary  to  produce  p-BaB204  ciystal  boules  wiA  a  more  favwable  aspect  ratio. 
Jiang  et  aL^  had  rqwrted  diat  diameter  control  could  not  be  acccunplished  by  increasing  Ae 
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Table  5;  Incoiponidon  of  cationic  impurities  into  p>BaB204  crystals.  With  the 
excqMion  of  Na***  in  the  melt,  all  concentrations  are  in  [ppm] 


Impurities 

cone,  in  melt 

cone,  m  crystal 

Na+ 

9.059b  (solvent) 

95 

118 

• 

123 

917 

292 

radial  temperature  gradient  as  it  led  to  unstable  growth.  Despite  this  observation,  the  problem 
of  increasing  the  thickness  of  the  p-BaB204  boule  hardly  appears  insunrrountable,  especially 
when  it  is  coirq)ared  to  the  problems  encountered  in  the  growth  of  other  ncmlinear  matgriah 
(e.g.  KNb03)*^**®  The  technology  for  the  growA  of  p-BaB204  is  still  in  its  infancy  and  thae 
is  certainly  much  room  fear  future  advances.  The  challenge  for  Ae  crystal  grower  will  be  to 
find  a  timely  solution  to  this  problem  and  give  P'BaB204  a  competitive  edge  over  oAer  new 
ntxilinear  optical  materials  that  ate  currently  being  discovered  at  a  rapid  pace. 


Properties  of  B-BaB;0^ :  - 

The  physical  properties  of  p-BaB204  crystals  have  been  studied  by  several  groups  using 
crystals  grown  by  Ae  Jiang  et  al.^  Experiments  performed  mi  our  crystals  gave  results  which 
are  in  excellent  agreement  wiA  Ae  literature  values.  We  can  therefore  treat  these  crystals  as 
identical  In  this  section,  we  briefly  summarize  the  inqiorant  physical  properties  of  p-BaB204. 
More  detailed  infonnation  can  be  found  in  references  [12]  and  [17]. 

P>BaB204  belcmgs  to  pmnt  group  R  3c.  The  crystal  structure  conrists  of  layers  of  planar 
boroxol  (BjOg)^  rings  stacked  perpendicular  to  Ae  r  -axis,  wi A  Ae  barium  ions  sandwiched 
between  Aese  layers.  A  depiction  of  this  arrangement  is  Aown  u  figure  8.  The  crystal  is 
mechanically  hard  and  the  surfaces  can  be  readily  polished  standard  polishing  techniques.  It 
is  chemically  mert  to  most  common  organic  solvents  and  is  virtually  non-hygroscopic. 
Dielectric  coatings  can  be  applied  directly  onto  Ae  polished  crystal  surfaces.  The  crystal  is 
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8.  Crystal  Structure  of  ^836204.  (After  Eimal  et 


stable  up  to  '>900'^  and  has  a  fracture  temperature  an  order  of  magnitude  higha*  than  other 
nonlinear  matnials. 

^-636204  is  optically  negative  uniaxial  and  is  highly  transparent  between  0.2-2.2  pm. 

The  absolute  UV  and  IR  cutoffs  for  die  cndinaiy  wave  are  at  190  ran  and  3.28  pm  respectively. 
The  transmission  spectrum  for  the  ordinary  wave  is  shown  in  figure  9.  The  currently  accepted 
Sellmeier  equations  are: 
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9.  Transmission  qiectnim  for  the  oidinaiy  wave  througli  a  mm  tfiick  ^>886204  crystal 

The  dotted  lines  is  a  SO  X  magnification  die  UV  cutoff  (see  upper  scale). 


These  equations  were  obtained  by  fitting  refractive  indices  between  0.4-1.0  pm.  Using  these 
equations,  fairly  accurate  prediction  of  the  SHG  and  OPO  tuning  curves  can  be  made  in  the 

0.2-2.0  pm  spectral  region.  It  is  possible  that  beyond  2.5  pm,  the  IR  resonant  contribution  to 
the  refractive  indices  may  become  important  and  a  simple  quadratic  IR  correction  term  in  the 
Sellmeier  equations  may  not  be  sufficient.  Hgure  10  shows  the  type  I  and  type  II  second 

harmonic  tuning  curves  for  p-BaB204.  The  predicted  tuning  curves  for  the  ^-886204  optical 
parametric  oscillator  pumped  with  the  2nd,  3rd  and  4th  harmonics  of  Nd^'*’:  YAG  laser  are 
given  in  figure  11.  Calcuated  tuning  curves  for  other  nonlinear  c^tical  processes  using  the 
Sellmeier  equations  have  been  given  by  Eimeil  and  coworkers^^  who  has  also  investigated  the 

thermo-optical  properties  of  ^-888204. 
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10.  SHG  tuning  curves  for  ^-886204.  The  data  was  taken  with  crystals  grown  in  our 

laboratory.  The  solid  lines  are  predictions  based  on  published  Sellmeierequations^^.  The 
agreement  is  excellent,  indicating  diat  our  crystals  are  identical  to  that  grown  by  Jiang  et 
al.8. 


In  the  /{ 3c  space  group,  the  effective  nonlinear  optical  coefficient,  d^ff,  is  given  by^^: 


de  =  dj  jSinG  +  d22Cos6sin39  (Type  I,  o  +  o  ->  e  ) , 

and 

d^^=d22cos^0cos3(p  (Typell,  o  +  e  ->  e  ) 

Here,  0  is  the  polar  angle  (i.e.  phase  matching  angle)  and  q>  is  the  azimuthal  angle  measured 


with  respect  to  the  piezoelectric  x  axis.  <p  is  normally  chosen  to  maximize  the  d^  for  the 
interaction.  Ihe  standard  convention  (x  perpendicular  to  mirror  plane)  is  used  in  defining  the 
piezoelectric  axes  (see  section  I).  For  any  three  wave  mixing  process,  the  phase  matching 
angle  with  type  I  interaction  is  always  smaller  than  with  type  U.  It  then  follows  that  in 
^-888204,  type  I  interaction  always  has  a  larger  effective  ncmlinearity  than  type  IL  The  cos6 

dependence  of  in  ^-888204  represents  a  majOT  disadvantage  when  the  crystal  is  used  as  a 
UV  generator.  In  principle,  a  crystal  with  moderate  d^'s  (say  ~  0.5xd22O*8a82O4))  diat  do 
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1 1.  Type  I OPO  tuning  curves  punq)ed  by  the  2nd,  3rd,  and  4th  harmonics  of  the  Nd^rYAG. 

The  2nd  and  3id  harmonics  (@  ~0.37S  and  ~0.2S0  pm  respectively )  of  the  alexandrite 
(Cr^:BcAl204)  laser  can  alw  be  used  to  pomp  the  p-BaB204  OPO  instead. 

not  vanish  at  90®  (e.g.  -sinO)  can  compete  favwably  with  p-BaB204  provided  that  it  has  the 
UV  transparency  and  is  sufficiendy  birefiringent 

A  one-shot-per-site  damage  dueshold  of  13.5  J/cm^  was  measured  using  1  nanosecond 

pulses  at  l.Odpm^^.  The  damage  threshold  was  found  to  be  dependent  on  crystal  quality  (such 
as  inclusions  and  thermal  stress),  typically  a  factor  of  2  or  3  times  lower  for  poor  quality 
crystals.  The  damage  threshold  at  532  tun  had  been  reported  to  be  ~7  GW/cn^  with  250  psec 
pulses.  It  is  unclear  if  die  damage  threshold  can  be  further  increased  by  improvement  in  crystal 
quality. 

P-BaB204  also  holds  promise  in  electro-optic  ^plications^^.  The  relevant  linear 
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dectio-apcicooeflSdaits  are  listed  in  Tabled  Although  the  electro-opdc  effect  in  p-BaB204  is 
small  couqiared  with  KD*P.  its  high  fracture  temperature  makes  it  the  preferred  material  in 
high  average  electric  power  qrplkations  where  possible  thermally  induced  crystal  damage  must 
be  avoided***’^®. 

As  discussed  in  section  I.  a  nonlinear  crystal  must  satisfy  many  criteria  in  order  fear  it  to 
be  practically  useful.  p-BaB204  is  a  good  exan^le  where  its  excellent  physical  pre^rerties  have 
proved  to  be  more  important  than  its  nonlinearity.  Paricularly  important  are  its  broad 
transparency,  large  birefringence,  high  damage  tiireshold  and  resistance  to  diermally  induced 
crystal  fracture.  So  far.  experiments  cm  the  P'BaB204  crystals  have  primarily  exploited  its  UV 
transparency.  These  experiments  include  frequency  doubling  of  pulse  dye-lasers^  ^ 
generation  of  the  various  haroaonics  of  the  Nd^rYAG  laser*^  and  tire  frequency  doubling  of 
the  Cu  vqxv  laset^.  The  advantage  of  p-BaB204  in  high  average  optical  power  frequency 
cemversion  had  recently  bear  dememstrated  where  iqr  to  1 W  average  ouq)ut  power  at  266  nm 
was  obtained^.  Other  applications,  such  as  the  optical  parametric  oscillator  and  the  frequoicy 
doubling  of  ultrashort  pulses,  should  also  benefit  frmn  die  use  of  p-BaB204.  We  are  currentiy 
investigating  tfiese  applications. 

Table  6:  Electro-optic  coefiicients  (xlO'^^nVV)  for  ^BaB204  at  632.8nm. 


Iry’sl 

Etqterimental  value 

'’22 

2.5 

^61 

2.5 

0.055 

'll 

<0.04 

The  success  ctf  the  p-BaB204  crystal  tmids  to  undermine  tiie  significance  of  extending  tiie 
"rrmlecular  engineering"  approach  K>  inorganic  materials^.  The  postibility  of  obtaining  large 
c^tical  nonlinearity  in  inorganic  borates  opens  up  a  new  class  of  materials  which  is  particulariy 
promising  frv  the  development  of  novel  crystal  suitable  for  the  generation  of  deep  UV  light. 
The  strong  coultmilnc  interaction  in  an  ionic  solid  such  as  the  borates  typically  provides  better 
mechanical  properties  over  organic  molecular  crystals.  On  the  other  hand,  the  coulombic 
interaetkm  also  makes  the  "en^eeiing"  of  new  nonlinear  material  much  more  difficult,  as  it  is 
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inqwssible  to  predict  if  a  boron-oxygen  structural  unit,  which  is  reqKmsible  for  the  large 
nonlinearity,  will  be  preserved  in  a  qiecific  crystal.  Nevertheless,  Qien  et  al.^  had  examined 
the  various  anionic  structural  units  commonly  found  in  inorganic  borates  and  classined  diem 
by  their  microscopic  nonlinear  susceptibilities.  Such  a  classification  serves  as  a  useful 
qualitative  guideline  fw  the  otherwise  random  search  for  new  nonlinear  crystals  of  the  bcnate 
type.  Table  7  presents  several  anionic  structural  units  which  are  particularly  promising. 


Table?:  The  calculated  nncroscopic  second  order  susceptibilities  ( in  lO'^^esu.)  for  anionic 
bonm-oxygen  groups  conomonly  found  in  the  borates.  (After  reference  [25] )  :• 


Anicmic 

groups 

(B03)^ 

(BjOj)^ 

(6307)5- 

(B3O8)’- 

Xyyj^.33 

Xm«1.59 

Xm— 2.93 

Ajk 

X223^1-02 

Xi22*’^*^^ 

X, 22*1-26 

X133-O 

X333*l-0^ 

Xi33=0 

^133*^*^^ 

Xi33“0-47 

eg- 

UGd(B03), 

YAl3(B03)4 

P-BaB204 

UBjOj* 

*  The  stnictnre  of  146305  is  a  three  dimensional  netwoifc  of  interconnecting  (6305)^  chains^.  The  (B3O7) 
’gnxq)' is  formed  by  the  sharing  of  two  oxygen  atoms  among  nei^boring(B305)  groups.  Chen  has  discussed 
the  difficulty  in  relating  the  cdculated  Xi^'s  to  the  macroscopic  SHG  coefBcients  in  this  crystal^. 


To  date,  the  seccmd  mder  nonlinear  optical  effect  has  been  observed  in  at  least  six  bmate 
crystals,  including  p-BaB204,  YAl3(B03)4,  NdxYi.^Al3(B03)4, 146305,  LiCd(B03)  and 
KB50g.4I^0.  Although  several  of  these  materials  have  excellent  UV  transparency,  diey  also 
possess  undesirable  prc^terties  which  reduce  their  effectiveness  as  foequency  converters  into 
the  UV.  However,  the  chemistry  of  boron-oxygen  compounds  is  rich^  and  the  possibility  of 
synthesizing  new  borate  conq>ounds  has  hardly  been  explored.  It  is  therefore  likely  that 
systematic  investigation  of  the  borates  will  lead  to  odier  novel  nonlinear  crystals  with  properties 
that  ate  suitable  for  general  as  well  as  qiecialized  applications. 
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Outlook  and  Summary 


Recent  Developments 

Significant  advances  in  the  development  of  nonlinear  optical  materials  can  be  divided  into 
three  different  areas:  1)  the  discovery  of  new  nonlinear  materials;  2)  the  growth  of  promising 
materials;  and  3)  the  modification  of  material  characteristics  of  existing  crystals. 

1)  New  nonlinear  materials  Besides  p-BaB204.  many  proixtising  nonlinear  optical  crystals 

were  also  discovered  recently.  These  included  /  -arginine  phosphate  (LAP)  and  its  chenucal 
analogs^*^,  lithium  triborate^  DAN^,  NPP^,  COANP®,  POM^  and  a  host  of  other 

organic  crystals.  Particularly  attractive  are  the  LAP  analogs,  which  were  found  to  have  large 
nonlinearity,  broad  transparency,  high  damage  threshold  and  favorable  growth  characteristics. 
As  the  crystal  is  grown  firmn  low  temperature  solution,  the  growth  of  LAP  is  in  principle 
scalable  and  the  application  of  the  technology  developed  in  the  growth  of  large  KDP  crystals 
and  the  urea  crystals  should  be  possible.  Further  development  of  tiiese  new  nonlinear  crystals 
will  undoubtedly  lead  to  a  broader  implication  of  nonlinear  optical  devices. 

2)  Growth  of  nonlinear  optical  materials:  Many  crystals,  such  as  KNbOj,  KTP,  TI3ASSC3, 
and  AgGaSe2  have  long  been  recognized  as  attractive  nonlinear  materials.  Their  practical 
applicatitms,  however,  have  been  severely  hindered  by  growth  relamd  problems.  Significant 
progress  has  been  trutde  in  the  development  of  these  materials,  particularly  for  the 
chalcopyrites  and  KTP. 


As  seen  in  table  2  of  section  I,  KTP  is  phase-matchable  fiom  >^.5-4.5  iim.  Due  to  its 
high  damage  threshold  and  visible-near  IR  transparency,  it  represents  the  only  known  material 
which  can  be  used  for  the  generation  of  high  peak  power  radiation  in  the  near  IR.  Although 
commercially  available  KTP  crystals  are  currently  being  grown  bydrotiietmally,  there  is  an 
increased  intoest  in  the  growth  of  KTP  ly  the  HTSG  techruque.  This  is  due  to  the  inmioved 
optical  characteristics  of  flux  grown  KTP  crystals  (e.g.  the  suppressimi  of  the  OH-  absorption 
at  '-2.8pm,  higher  damage  threshold  and  lack  of  domain  formations),  die  faster  growdi  rate  and 
the  lower  cost  of  production.  Careful  investigation  of  the  growth  properties  of  KTP  from  the 
Krn0P04-KP03-K4P207  system  by  Jatxo  et  al.^  and  Bordui  et  al.^  has  led  to  the  sucessfiil 
commercial  developments  of  flux  grown  KTP.  EquaUy  important  is  the  work  by  Ballman  et 
al.^^who  have  discovered  a  nonviscous  tungstate  flux  (3K2WO4.P2O5)  which  holds  much 
promise  for  the  growth  of  large  KTP  crystals.  An  interesting  feature  of  the 
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KTP-3K2W04.P20s  system  is  its  large  growth  zone,  thereby  allowing  very  high  dieoretical 
crystal  yield  if  the  method  of  slow  coding  is  used  to  induce  crystal  growth. 

As  discussed  in  section  I,  KTP  has  a  low  threshold  power  P||,~0.0SMW  due  to  its 
"quasi-NCPM"  prc^ierty.  Using  the  rqiorted  bulk  damage  dueshold^*  of  ~300MW/cm^  for 
hydrothermally  grown  KTP  crystals,  we  get:  [damage  threshold]  /  [  threshold  power  lea?] » 

ir|um^-cm2]/[Pil,]  =  6.000.  This  should  be  compared  with  Ae  same  ratio  fw  KDP*^ 

[T^^-cm^]  /  [P,!,]  ~  5  /  0.067  ~  IS,  indicating  that  even  hydrothermally  grown  KTP  offers  an 

overwhelming  advantage  over  KDP  for  the  doubling  of  1.06iim  li^t  The  hydrothermal 
growth  technique  is  potentially  scalable  (as  it  utilizes  Aermal  gradient  transport),  and  large 
homogeneous  crystal  can,  in  principle,  be  grown  from  it  This  scalability  is  well  demonstrated 

by  Ae  hydroAermal  sysAesis  of  large  a*quartz  crystals.  So  far,  Ae  extreme  conAtions*^ 
(r^XXfiC  and  30  kpsi)  needed  for  Ae  hydroAermal  growA  of  KTP  have  it  difficult  and 
expensive  to  scale  Ae  production  process  to  larger  volume.  Recently,  LauAse  and 

cowcricers^^  have  denxMOStrated  that  K2HPO4  can  be  used  as  an  defective  minenlizer  to  reduce 
Ae  severity  of  Ae  growA  oonAdons  (-400~60(y‘C  and  10  Iqtsi).  Jia  and  coworiceis^^  had  also 
reported  Ae  successful  use  of  KF  as  a  mineralizer  to  grow  KTP  under  ocmAtions  that  are 
conqtarable  A  those  used  for  Ae  production  of  quartz  crystals.  These  develc^nnents  should 
lead  to  an  mcreased  interest  m  Ae  hydroAermal  synAesis  of  KTP,  especially  m  Ae 
productitm  of  large  single  crystals. 

For  infrared  matoials,  Ae  growA  of  large  single  crystals  of  Tl3AsSe3  (025mm  x  60mm) 
has  been  reported^^.  Goversion  efficiency  of  up  A  "28%  has  been  denoonstrated  usmg  Aese 
crystals  in  Ae  frequency  doubling  of  a  (^swiAhed  CO2  laser^^.  Equally  significant  is  Ae 
successful  development  of  post  growA  processing  techmques^^**^  which  allows  Ae 
fabrication  of  large  optical  quality  chalcopyrite  crystals  that  are  suitable  fm  optical  device 
applications.  Optical  parametric  oscillators  usmg  Ae  AgGaSe2  crystals  have  been 

detTAnstrated^^,  providing  fully  tunable  radiation  in  Ae  ~3-9  |xtn  range.  The  device  holds 
mudi  promise  as  a  convenient  tunable  high  power  source  m  the  infrared  where  few  hi^  power 
lasers  are  availaUe. 

3)  Improvements  of  material  properties:  The  concept  of  improving  or  moAfying  Ae 
characteristics  of  a  nonlmear  optical  crystals  is  not  new.  For  many  crystals  of  Ae 
solid-solution  type,  it  is  possible  to  affect  changes  in  certain  material  properties,  such  as  Ae 
birefringence  and  transparency,  by  selecting  an  appropriate  composition  of  Ae  various 
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elements  in  the  crystals^^.  The  most  significant  recent  developments  in  this  area  are  the 
improvement  of  the  optical  damage  resistance  in  LiNb03  and  KDP.  It  is  now  well  established 

that  the  optical  damage  resistance  of  LiNb03  can  be  significantly  inqpioved  by  doping  the 
crystal  with  a  small  amount  of  MgO^^.  A  two  order  of  magnitude  increase  in  the 
photorefractive  damage  threshold  has  been  observed  for  crystal  with  >  4.5%  MgO 
ctmcentration^.  An  improved  q)tical  damage  resistance  has  also  been  observed  recently  in 
KDP,  though  the  increase  in  the  damage  threshold  is  less  dramatic.  It  was  found  that  by 
vigorously  eliminating  trace  organic  in:q)U]ities  in  the  growth  solution,  the  damage  tiireshold  of 
KDP  can  be  as  high  as  20  J/cm^  (compared  to  ~  7-8  J/cm^  of  a  typical  KDP  ciystal)^^  It 

should  be  noted  that  both  LiNb03  and  KDP  are  backed  by  very  well  developed  crystal  growth 

technology,  and  the  improvement  of  their  physical  properties  is  therefore  particularly 
attractive. 


Conclusion 

In  this  paper,  we  have  discussed  tiie  optical  chatacterizatim  of  ncHilmear  optical  materials. 
We  outlined  the  material  properties  which  are  particularly  desirable  for  the  crmstnictioo  of  six 
different  types  of  nonlinear  optical  devices.  Based  on  these  considerations,  we  conclude  ttot 
the  practical  qtplication  of  ntmlinear  reties  in  frequency  conversion  requires  the  develt^tment 
of  a  wide  range  of  materials  with  different  diaracteiistics.  fri  our  discussitm*  we  have  placed 
particular  emphasis  on  the  need  to  include  other  ncm-optical  properties,  such  as  the  mechanical 
and  thermal  properties  and  especially  the  crystal  growth  ptopenies,  in  the  evaluatkm  of  a  new 
nemlinear  optical  materiaL  As  three  very  promising  inorgaiuc  crystals,  namely  KNb03,  KTP 

and  p-BaB204,  are  currently  being  grown  by  the  hi^  tenqterature  mp-seeded  solution  growth 
technique,  we  reviewed  some  recent  developments  directiy  related  to  tins  growth  technology. 
As  an  exanqile,  we  discussed  die  properties,  optical  and  nmi-optical,  of  the  ^BaB204  crystals 

and  evaluated  its  usefulness  as  a  frequency  craverter  fra*  the  six  different  device  applications 
oonsideted.  Finally,  we  surveyed  sonK  recent  progress  in  the  develqmient  rtf  nonlinear  optical 
materials  that  are  suitable  for  frequency  ermversion  applications.  It  is  obvious  from  diis  survey 
diat  significant  future  advances  can  be  anticipated  in  the  develq;>ment  of  attractive  nmilinear 
optical  devices.  The  practical  realization  of  these  devices  will  undoubtedly  create  new 
q;rponunities  in  scientific  research  and  industrial  tqiplicaticxis. 
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Growth  of  large,  high-quality  beta-barium  metaborate  crystals 

W.R.  Rosenberg,  R.J.  Lane  and  C.L.  Tang 

Materials  Science  Center,  Cornell  University,  Ithaca,  New  York  14853,  USA 


We  report  recent  results  of  growth  experiments  that  increase  the  size  and  quality  of  beta-barium  metaborate  crystals  suitable  for 
optical  applications.  Crystals  of  length  15-23  mm  have  been  produced  using  large  melt  volumes  and  oriented  seeds.  Decreasing  the 
cooling  rate  of  the  solution  from  3.7  to  1.5‘‘C/day  has  dramatically  reduced  the  density  of  inclusions  in  the  grown  material.  The 
results  of  various  growth  experiments  involving  techniques  aimed  at  improving  crystal  size  and  quality  are  discussed. 


1.  Introduction 

Since  its  discovery,  beta-barium  metaborate  ()8- 
BaB204,  BBO)  has  established  itself  as  an  out¬ 
standing  nonlinear  optical  frequency  conversion/ 
electro-optical  material.  Its  broad  transparency 
range,  large  birefringence,  large  nonlinear  coeffi¬ 
cient,  high  optical  damage  threshold,  and  excellent 
mechanical  and  chemical  properties  have  made  it 
unquestionably  the  material  of  choice  for  ultra¬ 
violet  frequency  conversion  (second  harmonic 
generation  (SHG)  of  visible  light  [1-4]  and  ultra¬ 
violet  pumped  optical  parametric  oscillation 
(OPO)  [5-11])  as  well  as  for  high  average  power 
electro-optic  switching  (^-switching  of  lasers) 
[12.13].  A  number  of  different  solution  growth 
techniques  (top-seeded-solution-growth  [14-17] 
and  immersion  seeding  [16])  and  fluxes  (NajO 
[14-17],  B2O3  [16],  Na2B204  [14-17],  BaCl2  [16], 
NaCl  [18],  BaFj  [16],  UjO  [16,19],  NaCl-BjOj 
[18])  have  been  used  to  grow  BBO.  Combining  the 
top-seeded-solution-growth  (TSSG)  technique  with 
the  Na20  flux  has  thus  far  yielded  the  best  results. 
Despite  the  success  of  this  growth  system,  the 
BBO  boules  it  produces  have  two  undesirable  fea¬ 
tures.  First,  the  boules  tend  to  grow  in  the  form  of 
flat,  lens-shaped  disks.  This  characteristic  boule 
shape  is  undesirable  because  it  severely  limits  the 
size  of  BBO  crystals  that  can  be  fabricated  for 
optical  applications.  Secondly,  the  boules  contain 
flux  inclusions.  The  inclusions  tend  to  be  most 


heavily  concentrated  in  the  center  of  the  boule  [20] 
but  can  also  be  found  at  lower  densities  in  other 
regions.  The  inclusions  scatter  transmitted  light, 
decrease  the  damage  threshold  of  the  material 
[21],  and  often  make  the  center  of  the  boule, 
which  also  happens  to  be  its  thickest  region,  com¬ 
pletely  unuseable  for  optical  applications. 

Our  laboratory  has  been  actively  developing  the 
growth  technology  of  BBO  since  1986.  Our  early 
boules  [17]  and  other  reported  BBO  growth  ex¬ 
periments  [15,16]  have  suffered  from  both  of  the 
problematic  features  described  above.  Over  the 
past  two  years,  we  have  carried  out  extensive 
growth  experiments  designed  to  improve  crystal 
size  and  quality.  Here,  we  report  the  implementa¬ 
tion  of  growth  techniques  that  have  resulted  in  the 
largest  reported  fabricated  crystals  and  have  sig¬ 
nificantly  reduced  the  density  of  inclusions. 


2.  Techniques  for  increasing  the  size  of  BBO 
crystals  for  optical  applications 

The  goal  of  the  experiments  described  in  this 
section  is  to  increase  the  size  of  crystals  for  optical 
applications  such  as  SHG  and  OPO.  The  size  of 
these  crystals  is  limited  by  the  characteristic  disc 
shape  of  the  boule  and  the  fact  that  the  preferred 
boule  orientation  for  growth  is  with  the  crystallo¬ 
graphic  c-axis  normal  to  the  solution  surface  [17]. 
As  shown  in  fig.  1,  the  combination  of  these  two 
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Normal  lo 
liquid  surface 


Fig.  I.  The  combinaticn  of  the  characteristic  disc-like  boule 
shape  and  the  preferred  growth  orientation  being  with  the 
optic  axis  (C)  normal  to  the  liquid  surface  limits  the  available 
length  of  BBO  crystal,  with  phasematching  angle  d,  to  a  length 
of  -1  cm  (Z.|).  The  figure  shows  the  case  for  type  I  phase¬ 
matching  (0-1-  o  ->  e),  where  the  light  must  travel  in  the  crystal¬ 
lographic  Y-C  plane. 


factors  limits  the  length  of  crystals  with  phase¬ 
matching  angle  (0)  less  than  -70°  (which  in¬ 
cludes  nearly  all  three-wave-mixing  processes  for 
BBO)  to  less  than  ~  1  cm  (L,  in  the  figure)  for  a 
typical,  1.2  cm  thick  boule.  Two  possible  ap¬ 
proaches  to  increasing  the  optical  interaction 
length  L^  include:  (1)  increasing  the  thickness  of 
the  boule  and  (2)  altering  the  orientation  of  the 
growing  boule  by  forcing  growth  in  another  direc¬ 
tion  with  a  properly  oriented  seed.  Our  laboratory 
has  successfully  used  both  of  these  approaches  to 
increase  fabricated  crystal  size.  A  detailed  descrip¬ 
tion  of  the  growth  apparatus,  the  starting  material 
preparation  recipe,  and  the  basic  growth  technique 
that  were  used  in  these  experiments  has  been 
reported  in  a  previous  publication  [17];  here  we 
will  focus  on  the  recently  implemented  techniques. 

The  standard  TSS6  aechnique  for  increasing 
the  thickness  of  a  crystal  is  boule  pulling.  By 
raising  the  crystal  out  of  the  solution  at  a  rate 
conunensurate  with  the  growth  (cooling)  rate,  ra¬ 
dial  growth  is  retarded  in  favor  of  axial  growth. 
We  chose  to  try  this  method  at  the  outset,  because 
it  is  the  most  straightforward  and  the  simplest  to 
implement.  For  a  melt  volume  of  -  150  ml  and  a 
cooling  rate  of  3.7“C/day,  we  empirically  found 
that  steady-state  pulling  rates  of  l.S-2.0  mm/day 
were  required  to  control  the  boule  diameter.  Pull¬ 
ing  at  these  very  high  rates  resulted  in  poor  qual¬ 


ity,  needle-shaped  growth  on  the  bottom  surface 
of  the  boule.  Reduction  of  the  pulling  rate  to 
0.3-0.6  mm/day  produced  good  quality  growth, 
but  failed  to  appreciably  alter  the  aspect  ratio  of 
the  boule.  These  results  agree  with  those  reported 
by  Jiang  et  al  [16].  Boule  pulling  cannot,  therefore, 
dramatically  increase  the  boule  thickness  in  the 
TSSG/NajO  system. 

A  second  approach  to  increasing  the  thickness 
of  the  boule  is  to  scale  up  the  melt  volume.  Most 
of  our  growth  experiments  were  carried  out  in  a 
ISO  ml  crucible  with  a  diameter  of  72  mm.  This 
system  produces  boules  70  nun  in  diameter.  12 
mm  thick,  and  weighing  -  100  g.  Thicker  boules 
should  be  possible  by  increasing  the  melt  volume 
and  leaving  the  diameter  of  the  crucible  esseritially 
the  same.  Since  the  radial  growth  is  limited  by  the 
crucible  walls,  the  additional  material  is  forced  to 
grow  axially.  Although  simple  in  theory,  this  ap¬ 
proach  is  nontrivial,  since  the  effects  of  tempera¬ 
ture  fluctuation,  poor  melt  homogenization,  and 
unstable  growth  during  the  seeding  procedure  are 
amplified  as  the  solution  volume  increases. 

To  test  this  approach,  we  built  a  TSSG  system 
for  a  6(X)  ml  crucible  of  86  mm  diameter.  The  first 
few  boules  from  this  system  were  of  poor  quality 
due  to  unstable  growth  conditions  at  the  growth 
initiation  point.  However,  boules  of  good  quality 
were  obtained  by  adjusting  the  standard  seeding 
recipe  to  have  a  cooling  rate  of  0.75°C/day  at  the 
growth  initiation  point,  and  then  increasing  the 
cooling  rate  to  1.5®C/day  once  growth  on  the 
seed  is  established.  A  typical  boule  grown  from 
the  large  melt  volume  system  is  shown  in  fig.  2;  it 
has  a  diameter  of  84  mm,  a  thickness  of  18  mm, 
and  a  mass  of  170  g.  This  boule  was  grown  over  a 
period  of  32  days,  corresponding  to  a  temperature 
range  of  approximately  904- 866 °C.  The  growth 
recipe  for  the  large  melt  volume  system  is  still  in 
the  process  of  being  fully  developed.  We  expect 
that  by  cooling  this  system  over  a  larger  tempera¬ 
ture  range  (915-840®  C),  boules  20-25  mm  thick 
will  be  routinely  available. 

Long  crystals  suitable  for  optical  applications 
also  can  be  produced  without  increasing  the  boule 
thickness  with  the  use  of  oriented  seeds.  Nonlinear 
frequency  conversion  processes  are  only  efficient 
when  phasematching  is  achieved,  that  is,  when 
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Fig.  2.  Side  view  of  a  BBO  boule  grown  from  a  600  ml  solution  volume.  This  boule  is  18  mm  thick,  has  a  diameter  of  84  mm  and 
weighs  170  g.  Increasing  the  melt  volume  is  a  viable  method  of  increasing  the  boule  thickness. 


photon  energy  and  momentum  are  conserved  [22]. 
For  a  given  frequency  conversion  process,  phase¬ 
matching  occurs  when  the  light  travels  at  a  prere¬ 
quisite  angle  with  respect  to  the  optic  axis  (called 
the  phasematching  angle,  B  in  figs.  1  and  3).  In 
order  for  a  piece  of  crystal  to  be  suitable  for 
frequency  conversion,  it  must  be  cut  so  that  light 
can  propagate  along  the  phasematching  axis.  The 


Normal  to 
liquid  surface 


Fig.  3.  Long  BBO  crystals  can  be  produced  by  using  a  suitably 
oriented  seed  to  force  the  boule  to  grow  so  that  the  desired 
phasematching  axis  (at  phasematching  angle  d  with  respect  to 
the  optic  axis  (C))  lies  along  liquid  surface.  Note  that  of 
this  Figure  is  much  longer  than  L,  of  fig.  1.  for  identical  boule 
size.  We  have  produced  fabricated  optical  crystals  as  long  as  23 
mm  using  this  oriented  seed  technique. 


basic  idea  behind  the  oriented  seed  technique  is  to 
force  the  boule  to  grow  so  that  the  phasematching 
axis  lies  in  the  plane  of  the  disc-shaped  boule. 
This  configuration  is  depicted  in  fig.  3.  Note  that 
Lj  of  fig.  3  is  much  greater  than  L,  of  fig.  1, 
corresponding  to  an  approximate  five-fold  in¬ 
crease  in  crystal  length  (from  1  to  5  cm).  For 
BBO,  phasematching  occurs  over  the  range  20°  < 
9  <90°  depending  on  the  frequency  conversion 
process,  requiring  that  the  c-axis  make  an  angle  of 
0°  to  70°  with  respect  to  the  liquid  surface 
normal  to  get  the  increased  crystal  length. 

In  previous  experiments,  growth  initiated  with 
high  angle  seeds  resulted  in  large  scale  cracking  of 
the  boules  along  the  weak  crystallographic  planes 
[17].  However,  improvements  in  the  temperature 
stability  of  the  furnace  (±0.5°C),  the  use  higher 
quality  seeds,  and  reduction  of  the  cooling  rate  at 
the  growth  initiation  point  (from  3.7  to  0.75°C/ 
day),  has  reduced  the  cracking  to  the  point  where 
suitably  oriented  crystals  that  exceed  20  mm  in 
length  are  harvested  routinely.  Table  1  gives  a 
sununary  of  the  characteristics  of  some  of  the 
oriented  boules  that  have  been  grown  for  various 
optical  frequency  conversion  applications.  We  are 
currently  making  adjustments  in  the  growth  recipe 
aimed  at  eliminating  all  cracks,  so  that  optical 
crystals  as  long  as  SO  mm  will  soon  be  available. 


W.R.  Bosenberg  ei  al.  /  Growth  of  large,  high-quality  beta-barium  metaborate  crystals 


397 


3.  Tediniques  for  improving  crystal  quality 

As  pointed  out  in  the  introduction,  BBO  boules 
usually  have  regions  of  inclusion-type  defects 
which  decrease  the  optical  quality  of  the  material. 
The  boules  tend  to  have  the  highest  inclusion 
density  in  the  central  (and  thickest)  part  of  the 
boule  [20].  Inclusions  are  generally  linked  to  un¬ 
stable  growth  conditions,  and  a  standard  method 
of  improving  the  growth  stability  is  by  mechanical 
stirring  of  the  solution  [23]. 

We  have  tried  a  variety  of  different  stirring 
techniques  to  reduce  the  density  of  inclusions. 
These  techniques  include  no  rotation  (convective 
stirring),  uniform  crucible  rotation,  accelerated 
crucible  rotation  (ACRT)  [24],  and  uniform  boule 
rotation,  with  rotation  rates  varying  from  0  to  50 
rpm.  None  of  these  techniques  have  produced  any 
substantial  change  in  crystal  quality.  (Though 
ACRT  provides  outstanding  melt  homogenization, 
and  visual  observations  have  indicated  increased 
stirring  efficiency  [25],  this  has  not  been  correlated 
with  any  noticeable  improvement  in  crystal  qual¬ 
ity.)  We  have  verified  the  negligible  effect  of  stir¬ 
ring  on  boule  quality  by  altering  the  stirring  tech¬ 
nique  (i.e.  switching  from  ACRT  or  uniform  rota¬ 
tion  to  no  rotation)  in  the  middle  of  a  growth  run, 
and  looking  for  an  interface  of  differing  crystal 
quality  that  corresponds  to  the  change  in  stirring 
in  the  grown  boule.  No  such  interface  has  ever 
been  observed.  Stirring  does  not  appear,  therefore. 


Fig.  4.  High  optical  quality  BBO  boule  grown  at  the  reduced 
cooling  rate  of  l.S^C/day  (ISO  ml  solution  volume).  Note  the 
clarity  at  the  center  of  the  boule  due  to  the  lack  of  inclusions. 
Cooling  the  solution  at  this  slow  rate  significantly  reduces  the 
density  of  inclusions.  The  dark  spots  seen  on  the  boule  are 
solidified  flux  that  adhered  to  the  surface,  and  are  easily 
removed  during  crystal  fabrication. 


to  be  a  viable  way  of  stabilizing  the  growth  condi¬ 
tions  and  improving  the  crystal  quality. 

An  alternate  means  of  stabilizing  the  growth  is 
to  reduce  the  supersaturation  of  the  solution  by 
decreasing  the  cooling  rate.  In  our  150  ml  crucible 
system,  we  have  carried  out  growth  experiments  at 


Table  1 

Parameters  of  boules  grown  via  the  oriented  seed  technique 


Boule 

number 

Phasematching 
angle  •» 

(deg) 

Boule 

thickness*” 

(mm) 

Longest 
piece  cut 
(mm) 

Intended 

application 

1 

33.5 

15 

20 

355  nm  pumped,  type  I  OPO 

2 

31.6 

12 

23 

355  nm  pumped,  type  I  OPO 

3 

39 

10 

20.5 

266  nm  pumped,  type  1  OPO 

4 

44 

15 

15 

266  nm  pumped,  type  I  OPO 

5 

48 

13 

18 

532  nm  type  1.  SHG  *’ 

*'  Measured  in  type  I  phasematching  plane  ( T-C  plane)  with  respect  to  the  optic  axis. 
Measured  near  center  of  the  boule. 

Measured  along  phasematching  axis. 

OPO  •>  optical  parametric  oscillator. 

**  SHG  •  second  harmonic  generation. 
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a  reduced  steady-state  cooling  rate  of  l.S°C/day 
(compared  with  the  previous  rate  of  3.7®C/day.) 
A  typical  boule  grown  at  the  reduced  rate  is 
shown  in  fig.  4.  As  can  be  seen  in  the  figure,  the 
slower  cooling  rate  completely  eliminates  the 
high-density  inclusion  region  in  the  center  of  the 
boule.. This  region  still  does  contain  a  few  isolated 
inclusions  ( ~  100  /im  in  size),  but  slower  cooling 
rates  produce  a  marked  improvement.  One  obvi¬ 
ous  drawback  of  this  approach  is  the  increase  in 
the  length  of  the  growth  run.  The  boule  in  fig.  4 
was  grown  over  a  period  of  62  days  compared  to 
the  usual  -  25  days  when  cooling  at  3.7°C/day: 
Nevertheless,  this  is  the  only  approach  that  has 
resulted  in  any  significant  improvement  in  crystal 
quality.  We  are  continuing  the  effort  to  improve 
our  growth  recipe  and  eliminate  the  persistent  flux 
inclusions  altogether. 


4.  Condusions 

We  have  shown  that  BBO  crystals  greater  than 
1  cm  in  length  and  of  improved  optical  quality 
[17]  can  be  grown  using  the  top-seeded-solution- 
growth  technique  with  the  NajO  flux.  Long 
crystals  (15-23  mm)  have  been  obtained  by  scal¬ 
ing  to  larger  melt  volumes  and  using  oriented 
seeds.  Crystals  with  markedly  lower  inclusion  den¬ 
sities  have  been  produced  using  slower  cooling 
rates  (1.5®C/day  for  a  150  ml  solution).  Efforts 
are  currently  underway  to  optimize  growth  recipes 
that  incorporate  all  of  the  described  growth  tech¬ 
niques.  We  believe  that  combining  large  scale 
melts,  oriented  seeds,  and  slow  cooling  rates  will 
produce  fabricated  BBO  crystals  greater  than  5  cm 
in  length  that  are  completely  devoid  of  flux  inclu¬ 
sions.  The  results  of  these  ongoing  experiments 
will  be  reported  as  they  become  available. 
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Phase-matched  second-harmonic  generation  and  growth  of  a 

LiBaOs  crystal 
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The  eherecterietic  propertiee  of  eriticelly  end  wmcriticelty  phaee-metched  aecaod-hemiaiiic  generetiem  in  eryw 
teUine  lithium  triborate  (LiB«Oi,LBO)  grown  in  otir  laboraton'  are  inveetigated.  An^e-tuned  critkally 
phase-matched  aecond-harmonic  generation  of  near-infirared  radiation  is  reported.  Temperature- tuned  non- 
eritically  phaae-matdied  second-harmonic  generation  from  1.025  to  1.253  iim  was  achieved  in  the  tmqierature 
range  190*  to  -3*C.  Spectrum-tuned  noncritical  phase  matching  at  room  temperature  is  also  addeved  at 
1.215  itm.  Large  angular,  temperatur^  and  qwctral  accaptance  handwidths  an  ohtainad.  The  details  of  the 
LBO  crystal  growth  process  are  also  discussed. 


1.  INTRODUCTION 

Lithium  triborate  (LiBsOs,LBO)  ia  a  newly  developed 
nonlinear-optical  crystal  that  ia  characterized  by  a  wide 
transparency  range,  a  small  birefringence,  a  moderate 
nonlinear-optical  coefficient,  and  a  high  optical-damage 
threshold.*-*  These  unique  properties,  along  with  its 
medianical  hardness,  chemical  stability,  and  nonl^gro- 
acopidty,  make  LBO  an  attractive  material  for  certain 
nonlinear-optical  processes.*~*  Although  the  relatively 
•mall  birefringence  in  LBO  tends  to  limit  the  phase- 
matching  spectral  range;  it  also  leads  to  the  possibility  of 
both  noncritical  phase  matching  (NCPM)  and  a  larger  an¬ 
gular  aecqitance  for  frequency-conversion  applications  in 
the  visible  and  near  infrared. 

For  frequency-conversion  applications,  large  angular  ac¬ 
ceptance  and  small  walk-off  are  great  advantages.  How¬ 
ever,  under  critical  phase-matching  conditions,  the 
direction  of  energy  flow  of  the  second-harmonic  (SH) 
wave  walks  off  that  of  the  fundamental  wave  because  of 
the  birefringence  of  the  nonlinear  medium.  Also,  if  a 
focused  beam  is  employed,  because  of  beam  divergence  a 
part  of  the  punq)  beam  mqy  not  be  phase  matched.  Walk- 
off  and  phaM  mismatch  can  sharply  reduce  the  conversion 
efficiency  of  the  second-hamKmic  gmeration  (SHG)  pro¬ 
cess.  The  use  of  NCFM,  in  vdiich  the  Pqynting  and  the 
wave  vectOTS  of  the  fundamental  and  the  SH  beams  are 
coUinear,  is  therefore  quite  advantageous  because  of  the 
dimination  of  walk-off  and  the  minimization  of  the  effect 
of  beam  divergence. 

Two  research  groupe  separately  reported  the  measure¬ 
ments  of  temperature-tuned  noncritkally  phase-matched 
SHG  in  LBO  crystals  grown  at  the  FqjUm  Institute  of 
Besearch  on  the  Structure  of  Matter.*-*  UntU  recently 
LBO  crystals  used  for  optical  applications  were  grown  by 
only  two  different  reaeaidi  groups,  the  Figian  Institute  of 
Beaearch  on  the  Structure  of  Ifotter*-*  a^  the  Research 
Institute  for  Synthetic  Crystals.**  Our  laboratory  has 
succeeded  in  growing  LBO  crystals  and  has  made  mea¬ 
surements  of  their  NCPM  properties.  Temperature- 
tuned  NCFM  was  achieved  in  a  LBO  crystal  from  1.025  to 
1.253  lun  with  radiation  produced  by  a  type  I,  two-crystal, 
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walk-off-compenaated  ^-barium  metaborate  (BBO)  optical 
parametric  oscillator**  (^*0)  pumped  by  the  third  har¬ 
monic  of  a  Nd'.YAG  laser.  Our  measurements*  of 
temperature-tuned  noncritically  phase-matched  SHG  of 
1.064-/tm  radiation  in  an  LBO  crystal  grown  in  our  labo¬ 
ratory  agree  wdl  with  the  result  reported  in  Ref.  7. 

Here  we  the  details  of  the  crystal  growth  of 

LBO  and  the  experimental  results  of  the  characterizatkm 
of  a  LBO  crystal  for  critically  and  noncritically  phase- 
matched  SHG  from  near-infrared  radiation.  Det^  of 
temperature-,  angle-,  and  qiectrum-tuned  SHG  at  NCPM 
arerqiorted. 

2.  CFYSTAL  GROWTH 

The  LBO  crystal  used  in  this  experiment  was  grown  in 
our  laboratory  by  the  top-seeded  solution  growth  (TSSG) 
technique.**  The  TSSG  apparatus  used  for  this  growth 
experiment  was  similar  to  the  system  described  by  Elwell 
et  al.'^  Fen-  sinq)licity  we  investigated  the  growth  of  the 
LBO  crystal  using  the  binary  LitO-BgOs  system.  This 
self-fluzed  system  was  created  by  adiiing  a  stoichiometric 
excess  of  BsOj.  The  starting  materials  were  prepared  in 
the  following  reaction: 

Li,COs  +  6H,BO,  .**SHili!V  2LiB,0,  +  CO,  +  9H,0. 

A  chemical  analysis**  of  the  melt  determined  the  exact 
Li,0:B,03  ratio  of  each  conqxnuid,  and  the  purity  of  the 
starting  material  was  at  least  97%.  The  phase  diagram  of 
this  binary  system  was  r^Mited  by  Sastry  and  Hummel,** 
and  the  relevant  portion  of  their  phase  diagram  is  repro¬ 
duced  as  the  solid  curve  in  Fig.  1.  This  phase  diagram 
shows  that  the  melting  point  of  LBO  (Li,0:B,03  *  1:3  M 
ratio)  is  -^834*0  and  that  LBO  melts  incongruently  above 
this  temperature.  In  the  TSSG  technique  it  is  inqxntant 
to  know  the  spontaneous  nudeation  temperature  and  the 
liquidus  temperature  as  well  as  the  phase  diagram  itself. 
The  crystal  growth  from  the  seed  will  take  place  just  below 
the  liquidus  tenq>erature.  In  order  to  grow  high-quality 
crystals,  one  must  dissolve  the  outside  layer  of  a  seed  crys¬ 
tal  and  then  initiate  growth  as  slowly  as  possible.  Accu- 
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BsOs  Waight  Content  (X) 

Fig.  1.  PhoM  diogram  of  LitO-BiOt  binary  The  cloeed 

aid  the  open  drelee  ehow  the  aponUneoua  mieleetion  tempera¬ 
ture  and  the  liquidus  temperature.  reapectWely.  The  aoUd  curve 
lepteaenta  the  phaae  diagram  reported  previously. 

rate  direct  meaaurementa  of  the  qrontaneous  nucleation 
tenqieratuie  wne  made  fay  using  a  platinum-platinum: 
riiodium  13%  thermocoiqde  junction  as  a  cold  finger.  The 
liquidus  tenq>arature  was  determined  fay  suqiending  the 
seed  crystal  in  the  solution  and  observing  whether  dissofai- 
tkm  or  grtmth  occurred  after  the  solution  was  k^t  at  a 
given  temperature  for  at  least  24  h  to  ensure  an  equi¬ 
librium  state.  This  measurement  enabled  us  to  deter¬ 
mine  tbe  liquidus  temperature  idiile  imitating  the  actual 
crystal  growth  conditions.  These  results  are  plotted  as  a 
function  of  BjOs  content  in  Fig.  1.  Overall,  we  could 
predict  the  growth  initiation  temperature  with  an  accu¬ 
ral  of  £S*C. 

A  six-sided  lathe-shaped  crystal,  8  mm  x  2  mm  x 
0.6  mm  in  sise,  was  obtained  by  spontaneous  nucleation 
on  a  platinum  odd  Anger  and  was  used  as  a  seed  crystal. 
After  we  obtained  a  large  crystal  boule,  we  used  F-cut  (cut 
along  the  dielectric  Y  axis)  crystals  as  seeds  to  obtain  a 
large-aperture,  JF-cut  crystal.  Chen  et  a/.'  started  the 
LBO  crystal  growth  from  a  tenq>erature  of  834*C.  This 
implies  that  the  stoichiometric  1:3  mixture  of  Li«0:B20s 
was  used  as  a  meh  omiqiound.  However,  the  region  in 
which  the  BjOi  content  is  lower  than  iq)proximately  90% 
is  hi|^i]y  tenq)erature  sensitive;  therefore  in  this  region, 
compared  wi^  the  region  of  high  B1O3  content,  hijd^y  ac¬ 
curate  tenq)erature  control  is  needed  to  yield  a  specific 
vohime  of  crystal.  On  the  other  hand,  in  the  r^on  of 
hi|^  BjOs  content  (higher  than  ~94%),  it  is  difficult  to 
keep  the  melt  homogeneous  because  of  ^  relatively  hq^ 
viscosity  of  the  melt.  Althou^  Zao  et  al.“  reported  that 
a  fhior^  conqiound  was  added  to  the  melt  to  reduce  its 
viscosity,  introducing  foreign  compounds  to  the  melt  may 
lead  to  inclusions  and  hence  is  not  necessarily  favorable 
for  hi^i-quality  crystal  growth.  Hence,  as  a  compromise, 
we  preferred  to  use  a  melt  having  a  BjO*  content  between 
90%  and  94%.  A  typical  crystal-growth  procedure  is  as 
follows:  a  melt  of  LitO:B20s  «  9:91  by  weight  ratio  is 
kept  in  a  idatinum  crucible  (40-mm  diameter  x  40-mm 
depth)  at  a  temperature  of  814*C,  whidi  is  3*C  above  the 


liquidus  temperature,  fw  at  least  24  hs.  A  F-cut  seed 
crystal  is  thm  introdhiced  and  ke|A  in  contact  with  the 
surface  of  the  melt  for  half  an  hour,  at  which  time  sli^ 
dissolution  should  be  obaerved.  The  melt  is  then  ooeded  to 
a  tmnpmrature  just  bdow  the  liquidus  temperature,  811*C, 
and  maintained  at  this  temperature  until  no  growth  takes 
place  on  the  seed  crystal  for  at  least  24  h.  The  melt  is 
th«i  cooled  to  801*C  at  a  rate  of  0.5*C/diy.  After  growth 
tbe  crystal  is  slowly  pulled  iqi  from  the  melt  and  cooled  to 
room  temperature  at  a  rate  of  3*C/h.  Typically,  a 
20  mm  X  20  mm  x  15  mm  crystal  boule  can  te  produced 
by  this  iwocedure. 

LBO  is  a  negative  biaxial  crystal  and  bekmgs  to  the  or¬ 
thorhombic  space  group  with  nim2  point  symme¬ 
try.**^  The  dielectric  axes  X  and  F  are  parallel  to  the 
erystsDographic  axes  o  and  c,  reflectively.*  For  the  mea¬ 
surements  of  SHG  for  various  wavelengths  at  critical 
phase-matching  and  NCPM  conditions,  a  crystal  was  cut 
fnmi  the  boule  and  pediahed  to  dimensions  of  3.9  mm  x 
6.0  mm  X  4.0  mm  along  the  dielectric  axes  X  F,  and  Z, 
reflectively. 

3.  CRITICAL  PHASE-MATCHING 
PROPERTIES  OF  SECOND  HARMONIC 
GENERATION  IN  A  UTHIUM 
TRIBORATE  CRYSTAL 

In  the  following  optical  experiments  a  type  L  two-ciystal, 
walk-off-compensated  BBO  OPO  pumped  by  the  third 
harmonic  of  a  commercial  Nd:YAG  lasw  was  used  as  a 
tunable  near-infrared  laser  source.  The  BBO  (K*0  can 
pgrovide  continuously  tunaUe  infrared  radiation  to  2.6  fim. 
The  linewidth  of  near-infrared  radiation  from  the  BBO 
OPO  was  less  than  3  nm  at  the  wavelengths  between  1.0 
and  1.3  pm.  The  details  of  the  BBO  (X’O  were  reported 
in  Ref.  11.  The  1.064-pm  radiation  from  the  Nd-’YAG 
laser  was  also  used  as  a  near-infrared  radiatum  source. 

In  order  to  obtain  type  I  phase-matched  SHG  in  theX-F 
principal  plane,  the  fundamental  wave  was  polarized  par¬ 
allel  to  the  Z  axis  and  propagated  in  the  X-Y  plane  of  the 


Fundomontol  Wavelength  (pm) 

Fig.  2.  Tunuig  curve  for  type  I  SHG  in  the  principel  X-Y  plane. 
The  ^seoretical  curvee  are  baaed  on  recent  SeUmeier  equa- 
tions:  sidid  fram  Ref.  17,  dashed  curve  from  Ref.  3,  dot- 
ted-daahed  curve  from  Ref.  4. 
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'Jdq,  waa  found  to  1.0*,  which  corresponds  to  an 
ain{j  ,'ar-acceptance  bandwidth  of  4.2  mrad  cm. 

Tc  'i^  .whie  is  in  excellent  agreement  with  the  theoretical 
value  of  4.1  mrad  cm  calculated  accmtling  to  the  following 
equation: 


2AA 


«■(»!,■*  sin*  ^  +  nty~*  cos*  ^)(nj,"*  -  iii,"*)sin  2^’ 


(2) 


Angle  4  (Degrees) 


82  86  90  94  98 

Angle  S  (Degrees) 

Fig.  3.  Angular  acceptanees  for  SHG  of  1.064-fun  radiation  at 
critical  phase  matrhing  condition  at  room  temperature  for  rota* 
tion  aboiiit  (a)  the  Z  axia  (4  direction)  and  (b)  tto  F  axia  (9  diiec- 
tion).  The  FWHM  acceptance  angles  (extamal)  are  1.0*  and  7.4* 
tor  rotation  in  the  4  and  t  directions,  reqwetively. 

LBO  crystal.  The  output  beams  from  the  BBO  (X’O  and 
the  Nd:YAG  laser  were  collimated  and  had  a  diameter  of 
2  mm  and  a  divergence  half-an^  of  leas  than  0.3  mrad. 

A  tuning  curve  for  type  I  SHG  in  the  X-Y  principal 
plane  was  measured  at  the  fundamental  wavelengths 
ranging  fhmi  LOOO  to  1.175  foa  and  is  presented  in  Fig.  2. 
The  theoretical  tuning  curves  were  calculated  fay  using 
SellnMier  eq[uations.*’*’‘*  The  discrepancies  may  be 
caused  by  the  inaccuraQr  of  the  Sellmeier  equatioru  in  the 
naar-inflrared  region.  New  Sellmeier  equations  from  the 
Fqjian  Institate  of  Research,”  however,  seem  to  make  a 
better  fit  to  our  experimental  results.  In  order  to  mini* 
mixe  measurement  errors  induced  by  the  crystal  fsbrica* 
tkm  process,  we  measured  second-hamumic  intensities  on 
both  sides  of  the  Jt  axis  and  determined  the  average  phase¬ 
matching  an|^  fay  using  the  following  equation**: 


ediere  ud  4r  are  the  external  idiase-matching  angles 
measured  from  the  X  axis  clockwiae  and  counterclock¬ 
wise,  reqieetiv^,  and  n*(A)  is  the  ordinary  refractive  in¬ 
dex  at  waveleiigth  A.  This  type  I  SHG  tuning  curve  in 
the  X-Y  plane  indicates  that  noncritieally  phase-matched 
9IG  for  1.200  /im  can  be  achieved  at  room  teiig>erature. 

An^e-tunad  SHG  of  lD64-/im  radiation  was  measured 
fay  rotating  the  crystal  in  the  4  and  9  directions,  and  the 
results  are  platted  as  a  flinction  of  the  external  angle  in 
Figa  3(a)  a^  3(b),  respectively.  As  is  shown  in  Fig.  3(a), 
the  I*— -iiMtohing  (external)  an^d^  for  SHG  of  1.064-mm 
radiation  in  theX-F  prindpal  plane  was  determined  to  be 
18.5*,  corresponding  to  an  internal  anf^o  of  11.4*.  The 
FWHM  o(  tte  external  acceptance  an^  in  the  4  ditec- 


ediere  A  1.3916;  I  is  the  crystal  length;  A  is  tlm  fun¬ 
damental  wavelength;  tiu  and  R|,  are  the  refractive  indices 
of  the  principal  X  and  Y  axes,  respective^,  at  the  wave¬ 
length  A/2;  sind  4fu  ia  the  phase-matdung  angde. 

The  angle-tuned  SHG  intensity  curve  in  the  ddirection, 
shown  in  Fig.  3(b),  can  no  km^  be  fitted  fay  a  sinqde 
sine*  fimction,  because  the  SH  intensity  is  represented  hy 
a  convolution  of  the  phase-matching  function  sine*  and  the 
function  of  the  phase-matching  locus.  Figure  4  shows  the 
phase-matching  locus  for  SHG  of  1.064-/un  radiation  cal¬ 
culated  by  using  the  Sdlmeier  equations.  As  is  shown  in 
this  figure,  in  the  vicinity  of  tte  phase-matching  point 
(4  ~  11.8*  and  9  ~  90*),  the  locus  is  broad  with  req>^  to 
dmnges  in  the  angle  9  but  sharp  with  respect  to  the  angda 
4.  This  also  imidies  that  the  9  angde-tui^  SH  intensity 
curve  is  strtm^  aflected  by  any  error  in  the  crystal  align¬ 
ment;  tliat  is,  if  the  crystal  is  jdaced  sligditly  off  4  **  drui 
a  narrower  (4  <  4fm)  or  broader  (4  >  4ni)  angular  band¬ 
width  will  be  obemved.  Figure  5  demwistrates  how  the 
profiles  of  an^e-tuned  SH  intensity  curve  in  the  9  direc¬ 
tion  are  affected  I7  crystal  misalignment  of  the  4  direc¬ 
tion.  In  Fig.  5  the  an^e-tuned  SH  intensity  curves  were 
measured  as  a  function  of  angle  near  4  ~  4ni>  From 
these  careful  measurements  we  obtained  on  FWHM  ac¬ 
ceptance  angle,  A9at,  of  7.4*  at  4  **  4pm-  This  value  cor¬ 
responds  to  an  angular-acceptance  bmodwidth  (49^1)  of 
31.3  mrad  cm.  This  value  is  10%  smaller  than  that  re¬ 
ported  previously.* 

Similarly,  we  evaluated  the  angular  accqitances  at  vari¬ 
ous  fundamental  wavelengths.  Figure  6  shows  the  wave- 


Fig.  4.  Phase-matching  locus  of  type  I  SHG  of  1.064  fun.  Nu¬ 
merical  calculations  were  made  ty  using  published  SeUmeier 
equations. 
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Fig.  5.  Angular  dependance  of  critical  phaae^matched  SHG  of 
1.064  foa.  Angle'tuned  SH  intenaity  curve*  in  the  9  direction 
are  plotted  aa  a  function  of  phaae  miamatch  in  the  #  direction. 
The  phaae-matching  angle  (eztemal)  ia  found  to  be  #  ••  18.50*  at 
9-90*. 
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length  dependence  of  the  angtilar  acceptance  at  critical 
phaae-matching  conditions.  The  experimental  and  the 
theoretical  results  calculated  by  using  Eq.  (2)  show  good 
agreement  only  for  wavelengths  shorter  than  1.15  ^m. 
The  flrst-order  approximation  for  critical  ^lase-matcUng 
[Eq.  (2)]  is  no  longer  valid,  because  the  quasi-NCPM  takes 
place  in  the  kmger-wavelength  r^on.  However,  we  have 
confirmed,  as  is  shown  above,  that  the  angular  accep¬ 
tances  of  the  LBO  crystal  are  large  enough  for  practical 
applications  at  any  of  the  near-infrared  fundamental 
wavelengths  evaluated  above. 


4.  TEMPERATURE-TUNED  NQNCRITICAL 
PHASE-MATCHING  PROPERTIES  OT 
SECOND-HARMONIC  GENERATION 
FROM  14125  TO  1,253  /un  IN  A  LITHIUM 
TRIBORATE  CRYSTAL 

For  the  measurements  of  the  temperature-tuned  NCPM 
properties  of  LBO,  the  crystal  was  enclosed  within  a  ct^ 
per  block  equin>ed  with  resistive  heaters  and  a  liquid- 
nitrogen  ba^  that  could  maintain  the  tenq>erature  with 
an  accuracy  of  ±0.5*C.  The  temperature  of  the  crystal 
was  monitored  and  contndled  fay  thermoconqjles  attached 
to  the  side  surfaces  of  the  crystal.  The  crystal  was  heated 
or  cooled  at  a  rate  no  faster  than  l*C/min  to  avoid  any 
temperature  inhomogeneity  in  tfate  crystal.  The  incident 
beam  position  was  2  mm  from  the  center  of  the  crystal 
(i.e.,  1  mm  from  the  copper  wall)  to  minimize  aiiy  possible 
error  caused  fay  a  tenqierature  gradient  between  the  cen¬ 
ter  of  the  crystal  and  the  surface  of  the  crystal.  Figure  7 
shows  the  temperature-tuning  curve  for  SHG  at  1.064-/bun 
radiation.  The  NCPM  temperature  (rNcpu)  was  found  to 
be  148.0  ±  0.5*C  with  FWHM  of  10.1*C,  corresponding  to 
the  temperature  bandwidth  ATI  of  3.9*^  cm.  This  value  * 
of  Tncfm  for  SHG  at  1.064  fua  agrees  with  the  previously 
reported^  value  of  148.S*C  measured  for  LBO  crystals 
grown  at  the  Fqjian  Institute  for  the  Research  on  the 
Structure  of  Matter.  We  note,  however,  that  our  value 
of  ATI  is  —30%  larger  than  the  value  reptnied  fay  Hiiang 
et  a/.'  The  origin  of  this  discrepancy  is  not  known. 
Based  on  the  data  presented  in  Section  3,  the  crystal 
alignment  and  quality  in  these  experiments  were  excel¬ 
lent.  Poor  crystal  quality  would  lead  to  an  elevation  in 
the  tails  of  the  curves  presented  in  Figs.  3, 5,  and  8.  This 
elevation  is  clearly  not  seen.  In  this  experimental  con- 
nguration  the  measured  temperature  may  be  slightly  dif¬ 
ferent  from  the  actual  tempOTature  of  the  crystal  because 
of  the  temperature  gradient  in  the  crystal.  However,  the 
magnitude  of  this  effect  was  evaluated  and  determined  to 
be  ne^igible.  When  the  incident  beam  was  positioned  on 
the  center  of  the  crystal  (3  mm  from  the  copper  wall), 
where  the  temperature  is  believed  to  be  the  low^  because 
of  heat  radiation  from  the  crystal  surface,  the  diHerence 
between  7ncfm  obtained  at  this  position  and  that  at  the 
original  position  was  less  than  1*C  and  thus  was  neglected 
in  the  following  experiments. 
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Fig.  7.  Temperature-tuning  curve  for  NCPM  at  the  fundamental 
wavelength  of  1.064  ^ra  in  LBO  crystal.  NCPM  occurs  at 
148.0  3  0.5*C  with  a  FWHM  bandwidth  of  10.1°C. 
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Fig.  8.  Angular  accaf^anca  for  SHG  of  1.064-/un  radiation  at  the 
NCPM  temperature  ci  148.0  ±  0.5*C  for  rotation  about  (a)  the  2 
axis  (d  direction)  and  (b)  the  Y  axis  (6  direction).  The  FWHM 
acceptance  an^es  (external)  are  91*  and  6.6*  for  rotation  in  the  A 
and  ddinctions,  respectively. 


Tald«  1.  Snnunary  of  Temperaturofl  for 
NCPM  SHG  in  LBO  at 
VarifKia  Near<Infrarod  Wavelengths* 


WSsvelength  (|un) 

Temperature  (*C) 

1.025 

190.3 

1.064 

148.1 

1.110 

108.2 

1.15 

61.1 

1.20 

24.3 

1.25 

-2.9 

■Ref.  6. 


While  maintaining  the  crystal  temperature  at  148.0  ± 
0.5*C  (NCPM  temperature  for  SHG  at  1.064  ^im),  we  mea¬ 
sured  the  acceptance  angles  and  A0  by  rotating  the 
crystal  about  tte  Z  axis  in  the  X-Y  plane  direction)  and 
about  the  Y  axis  in  the  X-Z  plane  (8  direction),  respec- 
tivdy.  Under  NCPM  conditions  the  angular  dependence 
of  tte  SH  intensity  can  he  written,  with  a  second-order 
spinoximation  of  a  finite  phase  mismatch,  as 

_/ A  sin*[(/ii/A)  -  nu~*)  (A<^)*] 

V  2  /  [(/ir/A)  («,*)*(«,/*  -  nu*)  (A^)*]* 

for  the  iff  direction, 

sin^(/w/A)  (ni*)*(nu~*  "  Hu~*)  (Afl)^ 

2  /  tC/s/A)  (ni*)*(nx,-»  -  /lu'*)  (A8)*]* 

for  the  0  direction,  (3) 

where  P(A/2)  is  the  square  of  the  SH  intensity  at  wave- 
Imigth  A,  A0  and  A^  are  the  angular  bandwidths,  and  /  is 
the  length  of  the  crystal.  Figures  8(a)  and  8(b)  show  the 


angle-tuned  SH  intensity  curves  in  the  and  0  directions, 
respectively.  These  curves  are  fitted  well  by  the  function 
described  above.  The  FWHM  acceptance  angles  (exter¬ 
nal)  were  found  be  01*  and  6.6*  for  rotations  in  the 
^  and  0  directioba,  respectively.  These  values  correspond 
to  angular  acceptance  bandwith  of  A0/'^  ~  71.9  and 
A4i/*^  -  991  mr^  an“ 

Similarly,  temperature-tuned  noncritically  phase- 
matched  SHG  was  measured  at  the  fundamental  wave¬ 
lengths  of  1.02^  1.064,  1.110,  1.150,  1.200,  and  1.253  ftm 
and  is  summarized  in  Table  1.*  Figure  9  shows  the  tem¬ 
perature  depeodBoce  for  noncritically  phase-matched  SHG 
from  512.5  to  626.5  nm  as  a  function  of  the  fundamental 
wavelength.  The  theoretically  predicted  dependence  is 
also  plotted.  Figure  9  indicates  that  when  a  1.0-1.3-/un 
source  is  used  for  the  fundanmntal  most  of  the  visible  spec¬ 
trum  can  be  generated  under  NCPM  conditions  in  the  tem¬ 
perature  range  from  -20*C  to  220*C.  The  blue  spectrum 
should  be  attainable  going  to  a  hi^ier  tenqmrature; 


Fundamental  Wavelength  (^m) 

Fig.  9  Plot  of  the  type  I  NCFM  temperature  versus  the  fun¬ 
damental  wavelength  producing  SH’s  of  512.5-,  532.0-,  550.0-, 
675.0-,  600.0-,  and  626.5-nm  radiation.  The  experimental  data 
are  based  on  our  previously  reported  measurements.*  The  theo¬ 
retical  fit  is  based  on  newly  obtained  thermo-optic  data*  and  Sell- 
meier  equations.*'  Lin  ef  a/.**  have  recently  reported  more 
extensive  results  for  both  type  I  and  type  n  SCIM  (see  Note 
added  in  proof). 
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Fig.  10.  Plot  of  the  FWHM  tenmerature  acceptance  as  a  func¬ 
tion  of  the  fundamental  wavelength. 
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Fig.  11.  Spectre!  tuning  curve  Ux  SHG  in  the  LBO  cryetal  at 
room  temperature.  The  NCPM  wavelength  ia  found  to  be 
1J215  m>b  witii  a  FWHM  of  33  nm. 

that  ie  to  sgy,  SHG  of  450  nm  will  be  produced  by  NCPM 
■t  approKimid^  320*C.  Tbe  FWHM  of  the  temperature 
aecq>tance  is  i^ted  as  a  function  of  the  fundamental 
wovdength  in  Fig.  10,  ediich  shows  that  the  temperature 
accq>tance  increases  as  the  wavelength  increases. 

As  mentioned  previously,  NCPM  SHG  at  room  tempera¬ 
ture  can  be  achieved  at  ~1.2  ftm.  The  spectrum-tuned 
SH  intensity  was  measured  and  is  shown  in  Fig.  11.  The 
iwinCTiti<»ally  phase-mstched  wavelength  at  21‘‘C  was  found 
to  be  1.215  fim  with  a  FWHM  q>ectral  width  of  33  nm. 

5.  CONCLUSION 

Wb  have  reported  the  growth  and  the  measurements  of 
properties  of  critically  and  noncriticolly  phase-matched 
SHG  in  a  LBO  crystal.  The  (^ically  clew  LBO  crystal 
was  successfully  grown  with  a  self-fluxed  TSSG  tech¬ 
nique  in  our  laboratory.  Optimisation  of  growth  parame¬ 
ters  should  be  carried  out  in  order  to  obtain  lar^  LBO 
crystals  with  hi^  quality.  Wh  have  demoiutrated  angle- 
tuned  ^rpe  I  critically  phase-matched  SHG  in  the  X-Y 
principal  plane  at  near-infrared  fundamental  wavelengths 
ranging  from  1.000  to  1.175  ^m.  Even  for  critical  phase¬ 
matching  conditions  we  confirmed  that  LBO  has  a 
relatively  large  angular  acceptance.  Also,  we  have 
demonstrated  temperature-tuned  noncriticolly  phase- 
matched  SHG  of  the  near-infrared  fundament  wave¬ 
lengths  ranging  from  1.025  to  1.253  fim.  For  NCPM  the 
prdUem  of  walk-off  is  eliminated,  and  the  efficiency  limi¬ 
tation  that  is  due  to  beam  divergence  is  drastically  re¬ 
duced.  These  measurements  confirm  the  advantages 
of  using  LBO  for  frequency  conversion  devices  for  certain 
iqiplications,  especially  in  near-infrared  and  infrared 
regions.  The  large  angular,  thermaL  and  spectral 
acceptance  bandwidths  permit  sinple  coupling  tetween 
the  punqi  source  and  the  crystal  and  relax  the  stability 
requiranents. 

Note  added  in  proof'.  Since  tbe  submission  of  our  pa¬ 
per,  two  papers  relevant  to  the  question  of  tenperature- 
tuned  NCPM  in  LBO  hove  ^n^aired  in  the  literature, 
Refs.  3  and  1ft  The  themuHqitic  data  of  Velsko  et  al.^ 
have  now  allowed  us  to  calculate  a  theoretical  tuning 
curve  that  was  not  poasiUe  in  our  previously  reported  re¬ 


\U.  ft  Nd  7/July  1992/J.  Opt  Soc.  Am.  B  1133 

suits.*  Our  original  experiment  covered  the  spectral 
range  from  1.025  to  1.253  /un.  The  paper  fay  Lin  et  al.'* 
presents  a  more  extensive  tuning  range  as  well  as  retort¬ 
ing  on  both  type  I  and  type  H  NCPM.  The  results  ine- 
sented  in  Ref.  19  for  temperature-tuned,  tjrpe  I  NCPM 
conHrm  our  original  measurements  and  demonstrate  the 
possibility  of  jdiase  matching  at  two  wavelengths  for  the 
«»mo  temperature,  which  were  not  previously  noted,  in 
the  tuning  curve. 
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gets— dirt  berm,  concrete,  wood,  can¬ 
vas,  and  sandblasted  aluminum— over 
the  9.S-10.7-n,m  range  tvas  measured. 
In  addition,  data  on  differential  reflec- 
tivit)^  of  contaminants  sprayed  on  sol¬ 
id  targets  were  obtained.  Various 
chemicals  contained  in  a  vapor  cham¬ 
ber  at  a  range  of  500  m  were  moni¬ 
tored  (with  a  solid  target  1  km  behind) 
to  study  differential  absorption. 

Other  tests  included  measurements 
of  aerosol  backscatter,  transmission 
through  dust,  range  of  distant  topo¬ 
graphical  features,  and  the  system 
noise  level  as  a  function  of  the  number 
of  pulses  averaged.  These  tests  pro¬ 
duced  a  great  deal  of  data  (at  least  200 
Mbyte)  that  will  take  several  months 
to  analyze  completely. 

Preliminary  results  are  encouraging. 
The  system  noise  level,  determined 
from  the  standard  deviation  of  nor¬ 
malized  return  signals,  was  l%-2% 
for  a  four-pulse  average  against  a  solid 


PULSED  TUNABLE  SOURCES 

Commercial  OPO  produces 
high-energy  tunable  output 

Researchers  needing  a  high-energy 
tunable  source  typically  resort  to 
Nd:YAG-  and  excimer-pumped  dye 
lasers,  notwithstanding  the  relative 
inconvenience  and  ’user-unfriendli¬ 
ness"  of  dye  lasers.  Optical  parametric 
osciUators  (OPOs)  appear  to  offer  an 
attractive  solid-state  alternative  to 


target.  Cohn  says.  This  level  is  signif¬ 
icantly  lower  than  with  previous  de¬ 
vices."  Also,  calibration  of  differential 
absorption  by  measuring  atmospheric 
water  vapor  produced  results  =  5T(  of 
the  local  metrological  station,  which  is 
within  the  accuracy’  of  that  equipv 
ment.  Finally,  Cohn  reports.  The  sen¬ 
sor  could  measure  vapor  levels  of  a 
h-pical  simulant  (such  as  triethylene 
phosphate)  at  levels  below  that  of 
passive  systems  or  previous  laser 
sensors." 

The  Army  has  awarded  Hughes  a 
follow-on  program  to  improc’e  the  la¬ 
ser  and  sensor.  Reducirg  the  size  and 
weight  are  immediate  goals,  and  addi¬ 
tional  field  tests  will  be  performed. 
The  program  extension  is  e.\pected  to 
continue  through  mid-1994.  Commer¬ 
cial  environmental  applications  in¬ 
clude  industrial-chemical  emission 
and  urban-pollution  monitoring. 

Heather  W.  Messenger 


high-energy  dye  lasers. 

With  this  in  mind,  engineers  at 
Spectra-Physics  Lasers  (S-PL,  Moun¬ 
tain  View,  CA)  have  developed  a 
high-energy  Nd.YAG-pumped  OPO 
device  that  is  tunable  from  400  to  3000 
nm  and  that  can  be  frequency  doubled 
to  200  nm,  according  to  Mark  Sobey, 
general  manager  of  S-PL's  Quanta- 
Ray  business  unit.  The  device  will 
eventually  become  an  extension  of  the 
recently  released  MOPO-700  series  of 
OPOs  and  will  further  increase  the 
Continued  on  p.  20 


FIGURE  1.  Commercial  OPO  consists  of  a  delay  line  (right),  a  master  oscillator  (center),  a  power 
oscillator  (left),  and  a  wavelength  separator  (rear).  Not  shown  is  the  pump  laser,  an  injection-seeded 
Nd.'YAG  model. 
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Continued  from  p.  16 

tuning  range  and  reduce  the  linewidth 
of  these  products,  which  currently 
provide  high-energy  (>100  mj)  output 
with  narrow  linewidth  (<0.1  an  ’)  at 
wavelengths  from  400  to  2000  nm  (see 
Fig.  1). 

Briefly,  OPOs  are  nonlinear  optical 
conversion  devices  that  use  a  nonlin¬ 
ear  oystal  to  achieve  frequency,  con¬ 
version  when  pumped  by  a  laser.  The 
S-PL  development  work  on  OPOs  us¬ 
ing  beta-barium  borate  (BBO)  as  the 
nonlinear  crystal  has  been  done  in 
collaboration  with  C.  L.  Tang  and  his 
group  at  Cornell  University  (Ithaca, 
NY).  The  Cornell  Research  Founda¬ 
tion  owns  a  fundamental  patent  titled 
Tunable  Optical  Parametric  Oscilla¬ 
tor*  (US  Pat.  #5033641)  covering  the 
use  of  BBO  in  any  type  of  OPO,  to 
which  S-PL  has  recently  been  granted 
an  exclusive  license.  Sobey  says  S-PL 
has  filed  for  patents  on  several  aspects 
of  its  OPO  design,  including  the  mas¬ 
ter-oscillator/power-oscillator  (MOPO) 
approach  to  narrow-linewidth,  high- 
energy  devices. 

System  design 

The  third  harmonic  from  a  1250-mJ 
Nd:YAG  laser  pumps  the  OPO.  The 
Nd:YAG  pump  beam  must  be  line- 
narrowed  to  control  the  bandwidth  of 
the  OPO  output  beam.  This  is  accom¬ 
plished  using  a  single-frequency  di¬ 
ode-pumped  Nd.YVO.4  (vanadate)  in¬ 
jection-seeding  laser.  A  by-product  of 
the  injection  seeding  is  smoothing  of 
the  Nd:YAG  laser  temporal  profile, 
which  results  in  a  substantial  (>40%) 
increase  in  the  532-  and  1064-iun  mix¬ 
ing  efficiency  when  generating  the 
355-run  third  harmonic.  The  addition 


of  a  Type  !  doubler  makes  it  possible 
to  obtain  more  than  400  m)  at  355  nm 
from  the  pump  laser.  To  the  user  this 
means  the  overall  system  efficiency, 
and  its  cost,  are  similar  to  those  of 
Nd:YAG-  or  excimer-pumped  dye  la¬ 
sers,”  says  Sobey. 

In  the  S-PL  MOPO  design,  the  mas¬ 
ter  and  power  oscillators  each  use  a 
BBO  crystal  as  the  parametric  conver¬ 
sion  medium  (see  Fig.  2).  The  master 
oscillator  generates  a  linewidth-nar- 
rowed  seed  beam  of  low  energy, 
which  controls  the  linewidth  of  the 
high-energy  beam  generated  in  the 
power  osdllator.  AB  of  the  output 
energy  is  generated  in  the  power  oscil¬ 
lator,  so  the  OPO  output  energy  is 
constant  and  independent  of  the 
linewidth.  Current  S-PL  products 
specify  energies  exceeding  100  mJ 
with  less  than  0.1  cm  *  linewidths,  and 
S-PL  engineers  have  already  observed 
linewidths  less  than  0.02  cm  *  at  simi¬ 
lar  output  energy  and  wavelengths. 

Two  variants  of  the  master-oscilla¬ 
tor  design  are  intended  to  address 
different  application  requirements. 
Each  uses  a  short  grazing-inddence 
cavity  design,  with  a  ser\'o  system  to 
control  and  couple  the  rotation  of  the 
BBO  crystal  with  the  diffraction-grat¬ 
ing  angle.  A  small  portion  of  the  355- 
nm  pump  energy  is  split  off  and  used 
to  pump  the  osdllator  above  thresh¬ 
old.  The  grating/mirror  pair  controls 
absolute  wavelength  and  linewidth, 
and  the  servo  system  ensures  that 
optimal  conversion  effidency  is  main¬ 
tained  as  the  wavelength  is  scanned 
within  the  master  osdllator. 

Use  of  a  similar  cavity  design,  but 
vdth  an  additional  precision  mechani¬ 
cal  stage  and  more-complex  servo 
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electronics,  makes  single-mode  output 
possible.  In  this  case,  the  system  con- 
tinously  monitors  the  cavin’  length 
and  isolates  a  single  longitudinal 
mode  as  the  wavelength  is  scanned. 
In  both  cases,  the  MOPO  design  ap¬ 
parently  achieves  an  overall  conver¬ 
sion  efficiency  exceeding  209^ . 

Extending  the  wavelength  range  be¬ 
low  400  nm  will  require  frequency 
doubling  of  the  OPO  output.  Based  on 
results  from  existing  R&D  systems, 
Sobey  says  S-PL  engineers  expect  to 


DETECTOR  ELECTRONICS 


achieve  a  frequency-doubling  conver¬ 
sion  efficiency  exceeding  15'/>  when 
covering  the  200-400-nm  range.  He 
also  says  that  existing  OPO  products 
have  bwn  designed  with  doubling  in 
mind,  so  they  will  be  able  to  accom¬ 
modate  a  doubling  stage  when  it  be¬ 
comes  available.  At  the  longer  end  of 
the  wavelength  range,  an  additional 
set  of  optics  will  eventually  enable  the 
existing  products  to  tune  from  2000  to 
3000  nm. 

Stephen  G.  Anderson 


IR  readout  electronics  capture  focal-plane-array  signals 


Improvements  in  detector  electronic  read¬ 
out  systems  parallel  adiwices  in  focal- 
plane-array  detector  systems.  The  SPIE 
Aerospace  and  Remote  Sensing  Syinfm- 
sium.  to  be  held  in  Orlando,  FL,  22-16 
Apnit  1993,  includes  a  session  devoted  to 
readouts  and  signal  processing:  "Infrared 
detectors  and  instrumentation."  High¬ 
lights  of  four  conference  papers  are  de¬ 
scribed  here  by  Eric  R.  Fossuni,  a  research 
technologist  in  the  Imaging  Systems  Sec¬ 
tion  at  the  Jet  Propulsion  Laboratory, 
Pasadena,  CA  91109. 

One  active  area  of  research  in  detector 
electronics  centers  on  implementing 
cryogenic  readout  electronics  in  galli¬ 
um  arsenide  (CaAs)  materials.  GaAs 
has  a  lower  carrier  freeze-out  tempera¬ 
ture  than  silicon.  The  freeze-out  of 
carriers  is  directly  linked  to  1// noise  in 
cryogenic  circuits.  Thus,  GaAs-based 
circuits  can  potentially  operate  with 
lower  noise  and  at  lower  temperatures 
than  their  silicon  counterparts. 

The  development  of  GaAs  field-ef¬ 
fect  transistors  (FETs)  for  cryogenic 
readout  of  discrete,  noiunultiplexed 
detector  arrays  will  be  discussed  at  the 
aerospace  sensing  symposium  by 
R.  K.  Kirschman  and  J.  A.  Lipa  of 
Stanford  University  (Stanford,  CA) 
and  M.  Omori  from  Microwave  Tech¬ 
nology  Inc.  (Fremont,  CA).  These 
small  focal-plane  arrays  (FPAs)  would 
be  used  on  the  Gravity  Probe  B  point¬ 
ing  telescope  and  would  operate  at 
2-3  K.  The  researchers  will  report  on 
the  evaluation  of  commercial  and 
foundry  GaAs  FETs  as  well  as  custom 
GaAs  metal  semiconductor  FETs  and 
circuits  operating  at  cryogenic 
temperatures. 

For  larger  FPAs,  power  dissipation 
is  a  critical  parameter.  At  higher  tem¬ 


peratures,  silicon  complementary  met¬ 
al-oxide  semiconductor  (CMOS)  cir¬ 
cuits  can  be  used  in  most  applications. 
The  development  of  CMOS-like  com¬ 
plementary-heterojunction  FETs 
(CHFETs)  fabricated  in  the  GaAs  sys¬ 
tem  for  very-low-temperature  applica¬ 
tions  will  be  described  by  T.  J.  Cun¬ 
ningham,  E.  R.  Fossum,  and  S.  M. 
Baier  of  the  Jet  Propulsion  Laboratory 
OPL,  Pasadena,  CA)  and  Honeywell 
(Bloomington,  MN).  CHFETs  contain 
both  ^channel  and  ii-channel  transis¬ 
tors,  which  allow  the  development  of 
low-power  cryogenic  focal-plane  cir¬ 
cuits  for  space-based  astrophysics  ap¬ 
plications.  While  the  CHFET  may  re¬ 
semble  the  CMOS  structure  in  superfi¬ 
cial  ways,  the  lack  of  a  true  insulator 
such  as  SiOz  results  in  a  higher  gate- 
leakage  current  in  a  CHFCT  than  in 
CMOS  devices.  A  parametric  study  of 
gate-leakage  current  as  a  function  of 
both  material  conhguration  and  geom¬ 
etry  will  be  presented  by  JPL.  A  simi¬ 
lar  study  on  noise  in  these  circuits  will 
also  be  described. 

For  most  infrared  (IR)  detector-read¬ 
out  applications,  silicon  CMOS  is  the 
predominant  technology.  The  use  of 
innovative  circuits  can  improve  the 
performance  of  the  FPA  by  reducing 
both  temporal  and  fixed  pattern  noise. 
Recent  progress  in  low-power  analog 
circuits  for  on-focal-plane  signal  pro¬ 
cessing  will  be  discussed  by  B.  Pain 
and  others  of  JPL.  Their  paper  de¬ 
scribes  work  on  a  background-sup¬ 
pression  circuit  for  long-wavelength 
IR  FPAs  that  increases  effective  dy¬ 
namic  range  by  removing  the  back¬ 
ground  pedestal.  The  circuit  also  pro¬ 
vides  offset  nonuniformity  correction. 
Other  circuits  for  low-power,  high- 
gain  amplifiers  and  on-chip  analog-to- 
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Measurements  of  noncritically  phase-matched  second-harmonic 
generation  in  a  LiBsOs  crystai 

T.  Ukachl.‘>  R.  J.  Lane.  w.  R.  Bosenberg.  and  C.  L  Tang 
Mauriais  Science  Center,  Cornell  University,  Ithaca,  New  York  14853 

(Received  21  May  1990;  accepted  for  publication  3  July  1990) 

The  characteristic  properties  of  noncritically  phase-matched  second-harmonic  generation  in 
lithium  triborate  (^8305,  LBO)  are  investigated.  Using  an  LBO  crystal  grown  in  our 
laboratory,  we  demonstrate  that  temperature-tuned  noncritical  phase-matched 
second-harmonic  generation  from  1.02S  to  1.2S3  /tm  is  achieved  in  a  temperature  range  from 
190  to  —  3  *C.  The  noncritical  phase-matching  temperature  for  1.064  /tm  radiation  is 
found  to  be  148.0  3k  O.S  *C  with  a  temperature  acceptance  bandwidth  of  3.9  *C  cm. 


Lithium  triborate  (LiB30s,  LBO)  is  a  newly  developed 
nonlinear  optical  crystal  which  is  characterized  by  a  wide 
transparency  range,  small  birefringence,  a  moderate  non¬ 
linear  optical  coefficient,  and  a  high  optical  damage 
threshold.''^  These  unique  properties,  along  with  its  me¬ 
chanical  hardness,  chemical  stability,  and  nonhygroscopic- 
ity,  make  LBO  an  attractive  material  for  certain  nonlinear 
optical  processes.^’*  For  frequency  conversion  applications, 
the  use  of  noncritical  phase  matching  (NCPM)  is  advan¬ 
tageous  due  to  the  large  angular  acceptance  and  the  elim¬ 
ination  of  walk-off.  Measurements  of  temperature  tuned 
noncritically  phase-matched  second-harmonic  generation 
(SHG)  at  1.064  ytm  have  been  made  on  LBO  crystals 
grown  at  the  Fujian  Institute  of  Research  on  the  Structure 
of  Matter.'  Until  recently,  the  Fujian  Institute  has  been  the 
only  source  of  LBO  and  very  little  has  been  reported  about 
their  growth  techniques. 

In  this  letter  we  report  temperature-tuned  noncritically 
phase-matched  SHG  from  1.02S  to  1.2S3  /zm  in  an  LBO 
crystal  grown  in  our  laboratory.  Our  measurements  of 
temperature-tuned  noncritically  phase-matched  SHG  of 
l.OM  iim  radiation  show  significant  discrepancies  from 
that  reported  previously.' 

LBO  is  a  negative  biaxial  crystal  and  belongs  to  the 
orthorhombic  space  group  with  mrn^  point  symmetry.’ 
The  dielectric  axes  X  and  Y  are  parallel  to  the  crystallo¬ 
graphic  axes  a  and  c,  respectively.^  The  LBO  crystal  used 
in  this  experiment  was  grown  in  our  laboratory  using  the 
top-seeded  solution  growth  (TSSG)  technique.^  A  Y-cut 
se^  was  introduced  into  a  slightly  unsaturated  Li20-B203 
solution  (91.0%  B2O3  by  weight)  at  a  temperature  of 
81 1  *C  and  grown  for  20  days  while  cooling  to  a  tempera¬ 
ture  of  801  *C.  From  the  20x  20x  IS  mm’  boule  a  cube  of 
LBO  was  fabricated  and  polished  to  dimensions 
3.9x6.0x4.0  mm’  along  the  dielectric  axes  X.  Y.  and  Z, 
respectively.  All  measurements  by  our  laboratory  reported 
here  were  made  on  this  crystal. 

For  comparison  with  the  theoretical  value,  we  mea¬ 
sured  the  type  I  phase-matching  angle  for  SHG  of  1.064 
/im  radiation  in  the  Y-T principal  plane  (0  =  90*,  6  is  mea¬ 
sured  from  the  Z  axis  and  ^  is  measured  from  the  X  axis) 


*’On  leave  ffom  Japan  Synthetic  Rubber  Co.,  Ltd.,  Reiearch  Center,  25 
Miyukigaoka,  Ttukuba  303,  Japan. 


and  determined  that  ^  =  1 1.4*.  This  value  is  in  good  agree¬ 
ment  with  the  theoretical  one,  ^3=  11.8*,  calculated  using 
the  Sellmeier  equations.’ 

The  temperature-tuned  noncritically  phase-matched 
SHG  and  the  angular  acceptances  were  evaluated  using 
1.064  fim  radition  firom  a  Nd:YAG  laser.  Temperature- 
tuned  noncritically  phase-matched  SHG  at  other  funda¬ 
mental  wavelengths  in  the  infrared  region  was  also  mea¬ 
sured  using  a  type  I,  two-crystal,  walk-ofi*  compensated 
beta-barium  metaborate  optical  parametric  oscillator 
(BBO  OPO)’  pumped  by  the  third  harmonic  of  a  com¬ 
mercial  Nd:YAG  laser.  The  BBO  OPO  can  provide  con¬ 
tinuously  tunable  infirared  radiation  out  to  2.S  ftm.  The 
output  beams  from  Nd:YAG  laser  and  the  BBO  OPO  were 
collimated  to  a  diameter  of  2  mm  with  a  divergence  half¬ 
angle  of  less  than  0.3  mrad.  The  fundamental  beam  was 
linearly  polarized  parallel  to  the  Z  axis  and  propagated 
along  the  X  axis. 

For  the  measurements  of  the  temperature-tuned  non¬ 
critical  phase-matching  properties  of  LBO,  the  crystal  was 
enclosed  within  a  copper  block  equipped  with  resistive 
heaters  and  a  liquid-nitrogen  bath  that  could  maintain  the 
temperature  within  an  accuracy  of  ±0.5  *C.  The  tempera¬ 
ture  of  the  crystal  was  monitored  and  controlled  by  ther¬ 
mocouples  attached  to  the  side  surfaces  of  the  crystal.  The 
crystal  was  heated  or  cooled  at  a  rate  no  larger  than  1  *C/ 
min  to  avoid  temperature  inhomogeneity  in  the  crystal.  In 
order  to  minimize  any  possible  error  caused  by  a  temper¬ 
ature  gradient  between  the  center  and  the  surface  of  the 
crystal,  the  incident  beam  position  was  set  at  2  mm  from 
the  center  of  the  crystal  (i.e.,  1  mm  from  the  copper  wall). 

Figure  1  shows  the  temperature  tuning  curve  for  SHG 
at  1.064  fim  radiation.  The  noncritical  phase-matching 
temperature  was  found  to  be  148.0±0.S  *C  with  a 

full  width  at  half  maximum  (FWHM)  of  10.1  *C  corre¬ 
sponding  to  a  temperature  bandwidth  ( A77)  of  3.9  *C  cm, 
for  crystal  length  /.  This  value  of  Jbcpoi  for  SHG  at  1.064 
jzm  differs  significantly  from  the  previously  reported  value 
of  1 12  *C  measured  using  LBO  crystals  grown  at  the  Fu¬ 
jian  Institute  of  Research  on  the  Structure  of  Matter.'  The 
origin  of  this  discrepancy  is  not  fully  understood  at  this 
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FIG.  1.  Temperature  tuning  curve  for  noncriticnl  phaie  matching  at  the 
fiiadamental  araveiength  of  1.064  fim  in  LBO.  Noocritical  (diaie  match¬ 
ing  occurs  at  148.0^0.5 X  with  a  FWHM  bandwidth  of  lO.I  *C. 


tune.  However,  in  this  experimental  configuration,  the 
measured  temperature  may  be  somewhat  different  from  the 
actual  temperature  of  the  crystal  due  to  a  temperature  gra¬ 
dient  in  the  crystal.  The  magnitude  of  this  effect  was  eq¬ 
uated  by  changing  the  lateral  position  of  the  incident  beam 
on  the  entrance  surfsce  of  the  crystal.  When  the  incident 
beam  was  positioned  on  the  center  of  the  crystal  (3  mm 
fnrni  the  copper  wall),  where  the  temperature  is  believed 
to  be  the  lowest  due  to  heat  radiation  from  the  incident 
crystal  surface,  the  difference  between  T.^  obtained  at 
this  positkm  and  that  at  the  original  one  was  less  than  1  *C 
and  thus  was  neglected  in  the  following  experiments. 

While  maintaining  the  crystal  temperature  at 
148.04:0.3  *C  (NCPM  temperature  for  SHG  at  1.064 
^m),  the  acceptance  angles  AO  and  A^  were  measured  by 
rotating  the  crystal  about  the  Y  axis  in  the  X-Z  plane  (0 
direction)  and  about  the  Z  axis  in  the  X~Y  plane  direc¬ 
tion),  respectively.  Figures  2  (a)  and  2(b)  ^ow  the  angle- 
tuned  SH  intensity  curves  in  the  direction  of  0  and  4-  The 
FWHM  acceptance  angles  (external)  were  obtained  to  be 
6.6*  and  9.1*  for  the  rotation  of  the  0  and  ^  directions, 
respectively.  These  values  correspond  to  angular  accep¬ 
tance  bandwidths  of  A0/'‘^  =  71.9  a'wi  A^/'^=s99.1 
mrad  (cm)'^. 

Similarly,  temperature-tuned  noncritically  phase- 
matched  SHG  was  measured  at  the  fundamental  wave¬ 
lengths  of  1.023,  1.1(X),  1.130,  1.200,  and  1.233  fixa  which 
were  generated  by  the  BBO  OPO.  Temperature-tuned  SH 
intensity  profiles  are  shown  in  Fig.  3.  Notice  that  the 
FWHM  the  temperature  bandwidth  increases  as  the 
temperature  decreases.  Room-temperature  (24  *C)  non- 
oitical  phase  matching  occurs  at  a  fundamental  wave¬ 
length  of  1.2  fua  corresponding  to  600  run  SH  radiation. 
Figure  4  shows  the  temperature  dependence  of  noncritical 
phase-matched  SH  radiation  from  312.3  to  626.3  nm  as  a 
function  dt  the  fundamental  wavelength.  Figure  4  indicates 
that  by  using  *  i-0  i-3  /rm  source  for  the  fundamental, 

most  of  the  visible  spectrum  can  be  generated  under 
NCPM  conditions  in  a  temperature  tuning  range  of  220  to 
—  20  *C  The  blue  qiectrum  should  be  attainable  by  going 
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FIG.  2.  Estenud  angular  aocqMancea  for  tecond-harraonic  seneration  of 
1.064  fm  radiation  at  the  noncritical  phase-matching  temperature  of 
146.0^0.5 *C  for  rotation  about  (a)  the  Taxis  (0directiao)  and  (b)  the 
'  Z  axis  (4  direction).  The  FWHMs  ate  6.6*  and  9.1*  in  the  0  and  4 
directioos,  respectively. 

to  higher  temperature,  for  example,  430  nm  SH  radiation 
will  be  produced  by  NCPM  at  ~320*C. 

In  conclusion,  we  have  demonstrated  temperature- 
tuned  noncritically  phase-matched  SHG  from  1.023  to 
1.233  ftm  in  an  LBO  crystal  grown  in  our  laboratory.  Fm' 
noncritical  phase  matching,  the  problem  of  walk-off  is 
diminated  and  cflBciency  limitations  due  to  beam  diver¬ 
gence  is  drastically  reduced.  These  measurements  confirm 
the  advantages  of  using  LBO  for  frequency  conversion  de¬ 
vices  for  some  applications,  especially  in  the  near-infrared 
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FIG.  3.  Temperature  tuning  curves  for  noncritically  phase-matched 
aecond-haimonic  generation  in  LBO  at  the  fundamental  wavdengths  of 
4,-  1.025.  4] -1.064,  4,-1.100,  4«-l.lSA  4,-1.200,  and 
4*  —  I.2S3  fan  generated  by  a  type  1,  two-oystal,  walk-^  compensated 
BBO  optical  parametric  oadllator. 
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FIG.  4.  Plot  of  the  noncfitical  phaee-matchiiii  temperature  vt  (undamen- 
tal  wavelensth  producing  leoood'harmonic  generation  at  the  wavelengths 
of  3I2.S.  332.0,  S30.a  373.0.  600.0,  and  626.3  nm.  Most  of  the  visible 
spectrum  can  be  generated  under  noncritical  phase-matching  conditions 
in  a  temperature  tuning  range  of  —  20to220*C. 


and  intirared  regions.  The  relatively  large  temperature  and 
angular  bandwidths  allow  simple  coupling  between  the 
pump  source  and  cnrstal,  and  also  relax  thg  stability  re¬ 
quirements. 
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Optical  parametric  oscillators  are  powerfiil  solid  state  sources 
of  broadly  tunable  coherent  radiation  covering  the  entire  spectral 
range  from  the  near  UV  to  the  mid  IR  and  can  operate  down 
to  the  femtosecond  time  domain.  As  a  result  of  recent  advances 
in  nonlinear  optical  materials  research,  these  oscillators  are  now 
practical  de\'ices  with  broad  potential  applications  in  research  and 
industry.  Recent  developments  in  i-barium  borate  (BBO),  lithium 
triborate  (LBO),  and  potassium  titanyl  phosphate  (KTP)  optical 
parametric  oscillators  in  particular  are  reviewed  in  this  article. 

1.  I?WTRODUCTION 

Ever  since  the  invention  of  the  laser,  there  has  al¬ 
ways  been  a  great  deal  of  interest  in  the  development  of 
continuously  tunable  coherent  light  sources.  Such  sources 
would  have  broad  applications  in  research  and  industry. 
The  development  of  tunable  oscillators  has  been  difficult 
because  conventional  lasers  tend  to  be  discrete-wavelength 
devices  involving  stimulated  emission  between  quantized 
energy  levels  in  the  laser  media.  Only  when  these  quantized 
energy  levels  are  tunable  or  there  are  neighboring  energy 
levels  that  are  sufficiently  broadened  to  merge  into  each 
other  to  form  a  continuous  band  can  a  continuously  tunable 
laser  be  built.  Even  then,  the  tuning  range  tends  to  be 
limited. 

Optical  parametric  oscillators  are  powerful  solid-state 
sources  of  coherent  radiation  with  potentially  very  large 
truly  continuous  tuning  ranges.  For  example,  the  recently 
developed  pulsed  /?-barium  borate  jd-BaB204  (BBO)  opti¬ 
cal  parametric  oscillator  (OPO)  can  be  tuned  continuously 
from  415  nm  to  2.5  pm  with  a  single  set  of  mirrors  when 
pumped  at  355  nm  [1H5]  or  from  300  nm  to  2.5  pm  with 
multiple  sets  of  mirrors  when  pumped  at  266  nm  [3],  [4] 
(Fig.  1).  The  total  conversion  efficiency  from  the  pump 
to  useful  OPO  outputs  can  be  well  above  30%  at  pulsed 
output  energy  levels  of  millijoules  to  joules  depending  on 
the  device  design  and  pump  source.  Although  there  is  still 
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Type  I  BBO  OPO  Tuning  Curves 


Phaa*  Matrhiin  Aagla  [  dagraas  ] 

Fig.  1.  Type  I,  355  nm  pumped  (A)  BBO  OPO  tuning  curves 
determined  by  parametric  luminescence.  The  solid  lines  are  pre¬ 
dictions  based  on  Sellmeier  equations  repotted  in  (43).  Parametric 
oscillations  have  been  observed  in  the  range  from  415  nm  to  2S  /im 
using  one  set  of  mirrors  resonating  in  the  visible  when  pumped  at 
355  nm  and  from  330  nm  to  2.5  pm  using  multiple  sets  of  mirrors 
when  pumped  at  266  nm  (see.  for  examples,  [1H5],  [26H29]). 

a  great  deal  of  room  for  further  improvements,  optical 
parametric  oscillators  have  already  been  demonstrated  to 
be  versatile  and  practical  coherent  radiation  sources. 

The  basic  idea  of  the  parametric  process  was  known 
long  before  the  advent  of  the  optical  parametric  oscil¬ 
lator.  There  was  considerable  interest  in  the  microwave 
parametric  amplifier  as  a  low-noise  amplitude-  and  phase- 
sensitive  ’•^plifier  in  the  1950’s  [6].  In  the  optical  region, 
becau‘  use  due  to  the  zero-point  fluctuations  (hi/  per 
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mode  per  volume)  far  exceeds  the  thermal  fluctuations  {kT 
per  mode  per  volume),  optical  parametric  ampliflers  are 
not  particularly  useful  as  low-noise  amplitude-and  phase- 
sensitive  ampliflers  even  though  they  are  quantum  noise 
limited.  Based  upon  the  recently  developed  concept  of 
"squeezing,”  through  which  the  quantum  noise  can  be 
selectively  concentrated  more  in  either  the  amplitude  or 
in  the  phase-channel,  the  optical  parametric  amplifier  may 
conceivably  become  a  useful  low-noise  device  in  the  optical 
region  by  putting  the  signal  in  the  alternative  quieter 
channel,  but  the  practicality  of  such  an  amplifier  is  far 
from  having  been  demonstrated.  The  real  interest  in  the 
optical  domain  is  in  the  wavelength  tunability  of  the  optical 
parametric  oscillators. 

The  first  proposal  and  theory  of  optical  parametric  os¬ 
cillator  were  due  to  fCroll  in  1962  [7].  Shortly  after  the 
first  demonstration  of  optical  parametric  oscillation  by 
Giordmaine  and  Miller  in  1965  [8],  there  was  a  period 
of  intense  efforts  at  developing  such  an  oscillator  into  a 
practical  device.  The  potential  of  such  a  device  as  a  useful 
source  of  coherent  radiation  was  clear  from  the  beginning 
to  a  hard  core  group  of  specialists  (including  at  least 
one  science  fiction  writer^),  and  a  variety  of  theoretical 
and  experimental  studies  were  carried  out  [9],  [10].  The 
practical  development  of  such  an  oscillator  was  hampered, 
however,  by  the  lack  of  suitable  nonlinear  optical  crystals. 

Unfortunately,  the  development  of  nonlinear  optical  ma¬ 
terials  is  a  very  slow  and  tedious  process,  with  the  discovery 
of  useful  new  nonlinear  optical  materials  often  depending 
on  luck.  This  lack  of  progress  in  practical  developments 
coupled  with  over-optimism  on  the  part  of  some  enthu¬ 
siasts  eventually  led  to  considerable  skepticism  about  the 
prospects  of  the  optical  parametric  oscillator  as  a  useful 
device.  In  the  meantime,  progress  in  the  search  of  new 
nonlinear  optical  crystals  was  slowly  being  made,  leading 
to  many  new  nonlinear  crystals  (e.g.,  .'i-BaB:04,  LiB.^O.s, 
KNbOj  KT1OPO4,  L-Arginine  Phosphate,  Mg0:LiNb03, 
KTiOAsOj.  AgGaS:,  AgGaSei,  and  TljAsSej,  etc.)  in  the 
past  decade  and  culminating  in  the  recent  rapid  progress  in 
optical  parametric  oscillator  technology. 

Experimental  OPO’s  in  the  earlier  days  ^  to  be  in 
the  infrared,  and  the  widely  used  crystal  '  suffered 
from  severe  optical  damage  problems.  Ea  on  to  the 
shorter  wavelength  part  of  the  spectrum  had  been  more 
difficult  due  to  the  lack  of  nonlinear  optical  materials 
that  can  be  phase-matched  in  the  UV.  The  first  nonlinear 
material  to  break  this  wavelength  barrier  was  crystalline 
urea.  A  continuous  tuning  range  from  SOO  nm  to  1.23  /im 
was  achieved  with  a  single  set  of  mirrors  resonating  in  the 
visible  and  pumped  by  the  third  harmonic  355  nm)  of 
the  output  of  a  Nd.  YAG  laser  [11].  However,  although  crys¬ 
talline  urea  has  very  high  single-shot  damage  thresholds,  it 
suffers  from  long-term  optical  damage  problems  and  was 
soon  superseded  by  the  new  nonlinear  optical  crystal  H- 
barium  borate  [12],  which  is  comparatively  easy  to  grow 
and  has  superior  crystal  properties. 

*  “Sundivcr."  bv  David  Brin.  p.  243.  Bantam  Spectra  Book.  1980. 
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The  first  BBO  OPO  was  reported  on  at  CLEG  in  1986 
by  Fan  et  al.  [1],  [2]  using  a  9  mm  crystal  grown  at  the 
Fujian  Institute  in  the  Peoples’  Republic  of  China  (PRC). 
It  was  a  doubly-resonant,  plano-plano  cavity  pumped  by 
the  second-harmonic  of  Nd.  YAG  at  532  nm  with  a  limited 
tuning  range  of  0.94-1.22  /tm  and  a  conversion  efficiency 
of  about  10%.  Although  this  work  indicated  only  modest 
performance  from  a  BBO  OPO,  it  was  the  precursor  to  a 
whole  host  of  subsequent  work. 

More  recently,  the  related  lithium  triborate  (LBO)  crystal 
has  also  appeared  on  the  scene  [13]-[15]  and  is  attracting 
considerable  attention  as  a  potentially  useful  OPO  material 
[16],  [17].  For  the  UV  and  visible  range,  these  borate 
crystals  are  now  clearly  the  materials  of  choice  for  OPO 
applications.  From  the  deep  red  to  about  4.5  nm,  the  nonlin¬ 
ear  crystal  potassium  titanyl  phosphate  (KTP)  [18]-[20]  can 
meet  many  of  the  key  requirements  for  OPO  applications, 
including  applications  in  the  femtosecond  regime,  and 
shows  great  promise. 

Even  though  the  growth  technologies  for  all  of  these 
new  crystals  still  need  improvements,  OPO’s  with  remark¬ 
able  performances  have  already  been  demonstrated  using 
these  three  crystals  from  currently  available  sources.  This 
article  gives  a  brief  review  of  the  operating  principle  of 
optical  parametric  oscillators  and  the  current  status  of  the 
development  of  such  devices. 

II.  Basic  Concept  [9] 

The  optical  parametric  process  is  a  nonlinear  optical 
process  in  which  a  pump  photon,  propagating  in  a  nonlinear 
optical  crystal  spontaneously  or  by  stimulated  emission 
breaks  down  into  two  lower-energy  photons  of  frequencies 
0/1  and  0/2  with  the  total  photon  energy  conserved,  i.e., 
Wp  =  o/j  -t-  u/2.  This  simple  energy  conservation  condition 
is  the  basis  of  the  famous  Manley-Rowe  relation  [6]  in  the 
language  of  microwave  parametric  amplifier  work.  The  gain 
mechanism  is  based  upon  the  stimulation  emission  process. 
That  is,  the  rate  of  emission  through  the  nonlinear  optical 
parametric  process  is  proportional  to  the  photons  present; 
thus  the  larger  the  number  of  photons  emitted,  the  more 
likely  photons  will  be  emitted  leading  to  parametric  gain. 

It  is  clear  that  the  frequencies  of  the  two  emitted  photons 
cannot  be  uniquely  determined  on  the  basis  of  this  condition 
alone.  For  a  given  Wp  there  can  be  a  continuous  range  of 
choices  of  u/i  and  0/3.  This  is  in  fact  the  basic  source  of 
tunability  of  the  OPO’s.  The  specific  pair  of  frequencies  that 
will  result  in  any  given  situation  is  dictated  by  the  momen¬ 
tum  conservation  condition,  or  phase-matching  condition: 
kp  =  +  k2,  that  must  also  be  satisfied. 

In  a  normally  dispersive  and  isotropic  medium,  the  mate¬ 
rial  dispersion  is  such  that  the  momentum  or  the  magnitude 
of  the  A;-vectbr  of  the  pump  photon  is  always  too  large 
due  to  dispersion  to  satisfy  the  phase-matching  condition. 
In  order  to  compensate  for  material  dispersion,  it  must 
be  reduced  relative  to  the  sum  of  those  of  the  emitted 
photons.  The  most  common  approach  is  to  make  use  of 
the  birefringence  in  an  anisotropic  medium  to  compensate 
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for  material  dispersion.  In  an  anisotropic  medium,  the 
indc.x  of  retraction,  and  hence  the  magnitude  of  the 
vector,  of  an  extraordinary  wave  varies  with  the  direction  of 
propagation.  For  a  negative  uniaxial  crystal,  the  magnitude 
decreases  continuously  from  that  equal  to  the  ordinary 
wave  in  the  propagation  direction  along  the  optical  axis 
to  a  minimum  value  in  the  orthogonal  direction.  The 
corresponding  change  in  the  magnitude  of  the  Ar-vector 
is  determined  by  the  birefringence  of  the  medium.  Thus 
if  the  birefringence  is  sufficiently  large  to  compensate  for 
the  dispersion,  and  if  the  pump  beam  is  introduced  as  an 
extraordinary  wave  while  the  signal  and  idler  waves  are 
ordinary  waves,  a  particular  pair  of  frequencies  of  emitted 
ordinary  photons  will  satisfy  the  so-called  Type- 1  phase¬ 
matching  condition  A-j,'  *  =  for  each  orientation 

of  the  crystal  relative  to  the  direction  of  propagation  of  the 
pump  photon.  These  r^re  then  the  unique  frequency  outputs 
of  the  parametric  oscillator  for  a  given  pump  photon  and  a 
particular  orientation  of  the  crystal. 

As  the  crystal  is  rotated,  the  magnitude  of  the  A-vector 
or  the  momentum  of  the  pump  photon  changes.  The  fre¬ 
quencies  of  the  resulting  pair  of  emitting  photons  will  then 
change  accordingly.  This  is  the  basic  tuning  scheme  of 
the  optical  parametric  oscillators.  The  bandwidth  of  the 
parametric  process  is  determined  by  either  the  pump  beam 
divergence  or  the  spectral  width  over  which  the  phase¬ 
matching  condition  can  be  nominally  satisfied;  that  is,  the 
phases  of  the  emitted  waves  are  within,  say,  7r/2  over  the 
interaction  length.  In  general,  the  bandwidth  varies  linearly 
with  the  pump  beam  divergence  when  the  waves  do  not 
propagate  along  a  principal-axis  direction  of  the  crystal. 
Such  a  phase-matching  condition  is  called  “critical'*  and  the 
corresponding  allowed  interaction  length  is  called  “critical 
phase-matching  length.”  Along  a  principal-axis,  the  phase¬ 
matching  is  “noncritical”  and  the  corresponding  “noncritical 
phase-matching  length”  is  not  sensitive  to  the  pump-beam 
divergence;  the  dependence  on  the  reciprocal  of  the  pump- 
beam  divergence  angle  in  this  case  is  of  second-order  (see 
Table  1).  The  corresponding  bandwidth  of  the  parametric 
process  is  in  practice  often  determined  by  the  physical 
length  of  the  nonlinear  crystal.  The  advantages  of  noncrit¬ 
ical  phase-matching  are  possibly  narrower  linewidths  and 
longer  interaction  lengths. 

With  suitable  nonlinear  optical  crystals  and  pump  sources, 
virtually  any  wavelength  ranging  from  the  UV  to  the  mid 
IR  can  now  be  reached  with  optical  parametric  oscillators. 
The  technology  is  better  developed  at  the  present  time  for 
the  near  UV  to  4.5  fim  range,  however,  largely  due  to  the 
availability  of  large  high  quality  BBO,  LBO,  MgO.LiNbO^, 
and  KTP  crystals.  For  the  1  to  10  fim  range,  AgGaS^  and 
AgGaSe^  [21],  [22]  show  great  promise. 

III.  Recent  Developments  and  Current  Status 
A.  BBO  OPO 

Compared  to  other  nonlinear  optical  crystals.  BBO  has 
the  advantages  of  being  only  slightly  hygroscopic,  mechani¬ 
cally  hard,  and  chemically  stable;  has  a  high  optical  damage 


threshold;  and  can  be  grown  to  sufficiently  large  sizes.  It 
is  transparent  down  to  191  nm  and  has  a  relatively  large 
birefringence;  it  can,  therefore,  be  phase-matched  over  a 
large  spectral  range,  which  means  a  large  tuning  range  in 
OPO  applications.  The  effective  (/-coefficient  of  BBO  is  not 
large,  but  adequate  for  OPO  applications  with  reasonable 
requirements  on  the  length  of  the  crystal  and  the  pump 
power.  Some  of  the  key  properties  of  BBO  are  summarized 
in  Table  I  along  with  the  known  properties  of  LBO  and 
KTP  crystals.  It  must  be  emphasized  that  because  these  are 
relatively  new  materials,  some  of  the  numbers  listed  are 
still  subject  to  confirmation  and  possibly  revision. 

Nearly  all  of  the  BBO  OPO  experiments  reported  in 
the  literature  so  far  are  based  on  crystals  grown  using 
a  high-temperature  flux  growth  method,  mostly  from  the 
PRC  (Fujian  Institute  for  Materials  Research  and  Beijing 
Institute  for  Synthetic  Crystals),  with  the  exceptions  of 
the  Cornell  University  work  [23],  [24]  and  some  of  the 
experiments  carried  out  at  Stanford.  Commercial  sources 
in  the  U.S.  have  mainly  been  selling  BBO  crystals  from 
the  PRC.  A  number  of  U.S.  companies  are  developing 
independent  sources  of  such  crystals,  some  with  technical 
support  from  Cornell  and  Stanford  Universities.  Cleveland 
Crystals  is  now  producing  high  quality  BBO  crystals  and 
appears  to  be  the  only  commercial  source  of  U.S.  produced 
BBO  crystals.  Researchers  in  NEC,  Japan,  have  recently 
reported  successfully  growing  single  crystals  of  BBO  from 
a  melt  using  the  Czochralski  method  [25].  Thus  while  much 
remains  to  be  done,  it  is  quite  likely  that  BBO  crystals  will 
become  more  readily  available  commercially  and  the  cost 
will  come  down  in  the  near  future. 

The  BBO  OPO’s  are  pumped  with  either  the  harmon¬ 
ics  of  Nd:YAG  lasers  or  XeCI  excimer  lasers  [26]-(28] 
with  injection  seeding  for  narrow  linewidth  and  diffrac¬ 
tion  limited  divergence.  The  OPO  performances  and  the 
optical-to-optical  efficiencies  achievable  in  the  two  cases 
are  comparable  for  comparable  pump  beams,  as  might  be 
expected. 

In  the  Nd.’YAG  pumped  case,  the  most  versatile  practical 
OPO  is  currently  the  third-harmonic  pumped  BBO  OPO. 
With  the  355  nm  pump,  the  entire  near  UV  to  near  IR  range 
from  415  nm  to  2.5  fxm  can  be  covered  with  a  single  set  of 
mirrors  [3]-[5]  resonating  from  415  nm  to  the  degenerate 
point  at  710  nm.  Well  over  30%  total  efficiency  (in  terms 
of  useful  outputs  at  the  signal  and  idler  wavelengths)  has 
been  achieved  using  two  approximately  1-cm  long  crystals 
in  the  walk-off  compensated  configuration  shown  in  Fig. 
2  at  a  pumping  level  on  the  order  of  15-20  mJ/pulse.  The 
efficiency  is  now  pump  pulse-length  limited.  That  is,  within 
the  finite  pump  pulse  duration  (typically  7  to  10  ns  long), 
the  number  of  passes  the  signal  pulse  can  make  back  and 
forth  between  the  mirrors  of  the  singly  resonant  cavity  is 
limited  and  is  less  than  that  needed  for  the  signal  pulse 
to  developed  to  full  saturation  strength.  With  sufficiently 
long  pump  pulses  and  eliminating  such  possible  practical 
problems  as  the  thermal  lensing  effect,  the  upper  limit  of  the 
total  efficiency  is  over  60%.  In  terms  of  the  output  energy, 
because  OPO’s  are  scalable,  the  output  energy  depends  only 
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Tabic  I  Prupenies  uf  Some  Nonlinear  Optical  Crystals  for  OPO  Applications.  Data  shown  is  at  l.tlM  ^im  unless  otherwise  indicated  ^nfax-suttace 
damage  threshold:  t/>r-temperaturc-luning  bandwidth:  t/iH,  CPM-criiical  phase-matching  acceptance  angle:  t  '^-'/'H-noncritical  phase-matching 
acceptance  angle:  lA.V-SHG  bandwidth:  I -group-velocity  dispersion  for  SHG  at  h3l)  nm. 


Crystal 

LBO 

l-BaD.O,  (54| 

KTP  (54) 

Puini  group 

mm2  |44|-[4h| 

3m 

mm2 

Birefringence 

=  l.ACiC  |471-|49) 

=: 

.1,  =  1.34234 
i.„  =  1.03310 

n,=„  =  1.T3GT 

11,1=1,  =  1  7303 

II.  =  ,  =  1.8303 

Nonlinearity  (pm,'V') 

</(j  =  1.10  I47|-149| 

.1.,  =  1.0 
if  1,  =  0.118 

=  3.0../ 11  =  0.3 
id,  =  7.0.  i/r,  =  C.l 
./,,  =  13  7 

Transparency  (/im) 

0.10-2.0  (50|.  (511 

0.10-2.3 

0.33  -  4.4 

fmaxtGW/cm-* 

-  2j  (471-14<I1 

~  3  (55) 

~  13.0 

SHG  cutoff  (nm) 

iV.  (52) 

411 

000 

(ST^°C  ■  <  iu) 

3.0  [53] 

22 

ABdmail  •  cui).  CPM 

31.3  (531 

0.32 

13.7 

t'/-AB(iiua.l) 

(iuia<l(<  lu)'^" ) 

71.0  (531 

NCPM  ^  14S.t)°C 

Not  available 

Not  available 

fA.\(A  ■  fill) 

Not  available 

0.0 

4.3 

<•  03(1  uui  (fs/iiuii) 

240  (521 

300 

Not  applicable 

OPO  tuning  range  (nm) 

~  413  -  2300  152] 

(Ap  =  333) 

~  413  -  2  300 
(A,,  =  333) 

377  —  4400  uui 
(Ap  =  o32) 

Boule  size 

20  X  20  X  13  uiui  '  (531 

084  uuii  X  18  luui 

~  20  X  30  X  30  uuu  ’ 

Growth 

TSSG  (53) 

~  810°C 

TSSG  from 
.VajOo  ~000°C 

TSSG  from 

Kr.PaOn  Flux 
<1  ~  030°C 

Predominant 

Flux  (53) 

Flux  and  bubble 

Flux  inclusions  & 

growth  defects 

inclusions 

inclusions 

domains 

Chemical  properties 

Nonhygroscopic  (53) 

(m.p.  -  834°  C) 

Slightly  hygroscopic 
(  y  _  o  -V  023°C) 

Nonhygroscopic 
(m.p.-v  034°  C) 

on  the  available  pump  beam  energy  and  should  be  readily 
extendable  to  the  multi-Joule  level. 

Although  it  has  been  demonstrated  that,  pumping  with 
the  4th  harmonic  of  Nd:YAG  at  266  nm,  the  entire  spectral 
range  from  330  nm  to  2.5  /im  can  be  covered  with  multiple 
sets  of  mirrors,  the  mirror  coating  damage  problem  at 
266  nm  is  a  serious  one  (3]-(5].  The  BBO  bulk  damage 
threshold  at  this  wavelength  is,  however,  much  higher 
than  that  of  the  mirror  coatings  that  can  be  achieved 
with  current  UV  coating  technology.  With  the  pump-beam 
steering  scheme  shown  in  Fig.  2  and  improved  coatings, 
practical  BBO  OPO's  operating  in  the  300  to  450  nm  range 
should  be  possible.  Such  sources  will  be  of  great  interest 
because  other  sources  of  tunable  radiation  in  this  spectral 
region  tend  to  be  inefficient  and  cumbersome  to  use. 

Because  of  the  large  number  of  available  wavelengths 
in  the  UV  at  relatively  high  overall  efficiencies  and  aver¬ 
age  power  levels,  the  gaseous  excimer  lasers  offer  great 
potential  as  pumps  for  OPO’s.  With  a  carefully  designed 
XeCI  laser  at  308  nm  as  the  pump,  remarkable  results 
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on  urea  OPO’s  have  been  achieved  at  the  University  of 
St.  Andrews  [27],  [28].  Continuous  tuning  range  from 
537  to  720  nm  was  achieved  with  conversion  efficiencies 
approaching  66%  over  a  narrow  range  near  the  noncritical 
phase-matching  condition.  For  BBO  OPO’s,  the  entire 
tuning  range  extending  from  354  nm  to  2.37  urn  with 
efficiencies  on  the  order  of  10%  have  been  achieved.  A 
major  problem  with  the  excimer  laser  pumped  BBO  OPO's 
reported  so  far  is  that  the  linewidth  of  the  output  is  rather 
large.  Without  any  line  narrowing  scheme,  the  reported 
linewidth  in  a  Type-1  OPO  can  vary  from  approximately 
1  nm  at  480  nm  to  nearly  11  nm  at  600  nm  [27],  [28]. 
By  comparison,  the  corresponding  linewidths  of  similar 
Nd:YAG  laser  third- harmonic  pumped  oscillators  are  nearly 
an  order  of  magniiude  narrower  [29]. 

For  spectroscopic  applications,  the  linewidth  of  the  BBO 
OPO  is  an  issue.  With  a  355  nm  .Nd.VAG  laser  pump,  the 
linewidth  varies  from  U.i5  nm  far  from  degeneracy  to  well 
over  10  nm  at  degeneracy.  While  this  may  be  adequate  for 
some  applications  in  solids  as  will  be  shown  later,  many 
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Fig.  2.  Wulk.ol'f  compensated  lwus:rysial  configuration  of  BBO 
OPO  \silh  iniracavity  UV  pump  beam-steering  mirrors.  (For  a 
detailed  explanation,  see  [29|.) 

applications  will  require  much  better  spectral  resolution. 
Two  different  approaches  have  been  used  to  attack  the 
iinewidth  problem.  The  first  is  to  use  intracavity  dispersive 
elements  [29].  The  use  of  intracavity  gratings  in  much  the 
same  way  as  in  pulsed  dye  lasers  has  led  to  dramatically 
reduced  Iinewidth.  Generally  speaking,  without  beam  ex¬ 
pansion  optics,  the  use  of  gratings  in  various  configurations 
can  limit  the  Iinewidth  to  on  the  order  of  0.1  nm  throughout 
the  tuning  range.  Because  the  efficiencies  of  BBO  OPO’s 
are  now  typically  pump  pulse-length  limited,  there  is  a 
limit  on  the  OPO  cavity  length  that  can  be  used;  this 
makes  it  difficult  to  introduce  beam-expansion  optics  into 
the  cavity  without  reducing  the  efficiency  of  the  oscillator 
drastically.  In  the  case  where  the  cavity-length  is  not  a 
limiting  consideration,  much  narrower  Iinewidth  similar  to 
those  achievable  in  pulsed  dye  lasers  should  be  possible. 

An  alternative  approach  is  to  use  Type-Il  phase-matching 
[30]  where  the  signal  wave  is  also  an  extraordinary  wave 
A.*,'  *  =  or  f  —  r  0).  It  is  known  that  this 

type  of  phase-matching  can  lead  to  narrower  Iinewidth  than 
that  using  Type  I  phase-matching  (e  —  0  -f  0).  In  BBO, 
where  the  effective  d-coefficient  for  Type  II  interaction  is 
considerably  smaller  (~  0.8  p/V),  the  difficulty  has  been  to 
obtain  a  large  enough  interaction  length  in  a  suitably  cut 
BBO  crystal.  With  recent  improvements  in  BBO  crystal 
size  and  OPO  design,  Bosenberg  et  al.  [30]  have  shown 
that  Type  II  phase-matching  is  a  viable  means  of  obtaining 
narrow  Iinewidth  radiation.  Using  the  two-crystal  walk-off 
compensated  scheme  mentioned  earlier  (Fig.  2),  along  with 
crystals  cut  for  the  Type  II  interaction  that  are  17  mm  and 
10  mm  in  length  (Cornell  grown),  they  have  demonstrated 
oscillation  over  the  range  of  480  nm  to  630  nm  and  810 
nm  to  1.36  /rm  with  conversion  efficiencies  of  12%  and 
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linewidths  in  the  0.05-0.3  nm  range  without  line-narrow  ing 
elements:  as  expected,  they  are  much  narrower  than  those 
obtained  in  the  Type  1  devices 

In  addition  to  nanosecond  types  of  OPO's.  there  has  also 
been  considerable  interest  in  using  BBO  OPO's  and  optical 
parametric  amplifiers  (OPA's)  for  tunable  picosecond  pulse 
generation  [31],  [32].  Narrow  band  (<  0.3  nm)  and  high 
energy  (>  200  /iJ)  widely  tunable  (4(K)  nm  to  2  //m) 
picosecond  pulses  with  a  better  than  30%  efficiency  have 
been  shown  to  be  possible  [31]. 

It  is  also  of  interest  to  mention  briefly  some  recent 
examples  of  the  applications  of  BBO  OPO's  making  use 
of  the  tunable  radiation  in  the  near  IR,  where  there  is  a 
dearth  of  high  power  tunable  radiation  sources  to  evaluate 
other  nonlinear  optical  crystals.  Figures  3(a)  and  (b)  show 
the  measured  tuning  curves  for  second-harmonic  generation 
(SHG)  in  gadolinium  molibdate  (GMO)  at  70®  F.  They 
show  that  the  noncritical  phase  matching  wavelengths  for 
A-  and  B-cut  GMO  crystals  to  be  at  1.4029  and  1.410 
/rm  [33],  respectively.  Such  information  is  of  interest  in 
the  search  for  efficient  SHG  crystals  in  the  minimum- 
loss  and  minimum-dispersion  regions  of  optical  fibers  for 
long  distance  communication  purposes.  Figure  3(c)  shows 
the  temperature-tuning  curve  for  noncritical  phase-matching 
SHG  in  a  lithium  triborate  (LBO)  crystal  recently  measured 
using  the  tunable  BBO  OPO  output  [34]. 

Medical  and  spectroscopic  applications  and  large  scale 
chemical  and  commercial  lidar  applications  for  detecting 
leaks  along  gas  pipe  lines,  or  for  oil  exploration,  etc.,  using 
BBO  OPO’s  are  reported  to  be  under  development. 

B.  Lithium  Triborate  (LBO) 

LBO  is  a  newly  developed  nonlinear  optical  crystal  which 
is  characterized  by  good  UV  transparency,  moderate  bire¬ 
fringence  and  nonlinear  optical  coefficient,  and  a  relatively 
high  optical  damage  threshold  [13]-[1S].  These  unique 
properties,  along  with  its  mechanical  hardness,  chemical 
stability,  and  nonhygroscopicity,  make  LBO  an  attractive 
material  for  certain  nonlinear  optical  processes.  Although 
the  smaller  birefringence  in  LBO  as  compared  to  that  in 
BBO  tends  to  limit  the  phase-matching  spectral  range,  it 
also  leads  to  the  possibility  of  noncritical  phase-matching 
and  larger  acceptance  angle  for  frequency  conversion  ap¬ 
plications  in  the  visible  and  near  IR.  For  OPO  applications, 
the  possibilities  of  achieving  noncritical  phase  matching 
with  standard  sources  as  pumps  and  temperature  tuning  are 
distinct  advantages  of  this  material. 

The  existence  of  LBO  has  been  known  since  1926  [35]. 
Its  usefulness  as  a  nonlinear  optical  material  was  first 
pointed  out  by  Chen  in  1987  [36].  Ail  the  commercially 
available  LBO  crystals  have  been  from  the  Fujian  Institute 
(up  to  $80  X  IStnm^)  grown  by  a  high-temperature  self¬ 
flux  growth  method  or  from  Beijing  Institute  of  Synthetic 
Crystals  by  a  modified  flux  or  flux  pulling  method.  In 
the  U.S.,  modest  sized  single  crystals  have  been  grown 
by  top-seeded  solution  growth  from  a  self-flux  at  Cornell 
and  Stanford  Universities  and  as  yet  there  have  been  no 
commercial  growers. 
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FIjt.  3.  Examples  of  applications  of  BBO  OPO.  The  tunable  infrared  output  of  a  two-crystal 
walk-off  compensated  BBO  OPO  was  used  to  determine  the  wavelengths  for  noncrilical 
phase-matching  (NCPM)  second-harmonic  generation  (SHG)  in  (a)  A-cui  and  (h)  B-cut  gadolinium 
molibdate  crystals  at  70°  F  I33|.  and  (c)  the  temperature  tuned  NCPM  second-harmonic  generation 
curve  of  lithium  triboraie  crystal  [34). 
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Xu  ct  al.  [16],  have  recently  reported  the  successful 
operation  of  an  LBO  OPO  with  a  tuning  range  of  540  nm 
to  1.03  fim  at  an  efficiency  of  22.1%  (at  503.4  nm)  pumped 
by  the  third-harmonic  of  Nd:YAG  laser  output  using  a 
0  X  0  X  crystal  grown  at  the  Fujian  Institute  and 

cut  for  Type  I  phase-matching.  The  linewidth  of  the  LBO 
oscillator  output  is  rather  large,  however:  6  nm  at  674  nm, 
for  example.  Ebrahimzadeh  ei  al.  [17],  have  carried  out  a 
series  of  LBO  OPO  experiments  by  pumping  with  a  XeCI 
laser  at  308  nm.  also  using  crystals  grown  at  the  Fujian 
Institute.  Tunable  radiation  throughout  the  372  nm  to  1.8 
urn  range  was  obtained.  A  particular  feature  of  their  work 
is  the  use  made  of  Type  il  and  noncritical  phase-matching, 
leading  to  a  narrow  linewidth.  for  example,  of  0.15  nm  in 
the  375  to  387  nm  range  and  an  efficiency  of  16.5%  with 
a  16  mm  long  crystal.  With  the  various  UV  wavelengths 
available  from  other  excimer  lasers,  it  is  potentially  possible 
to  achieve  noncritical  phase-matching  down  to  285  nm  with 
narrow  linewidths  and  relatively  high  efficiencies. 

Comparing  to  BBO.  LBO  offers  interesting  possibilities 
that  are  yet  to  be  explored.  It  is  unlikely,  however,  that  one 
will  replace  the  other.  The  choice  will  depend  on  the  ap¬ 
plication  and  particular  engineering  design  considerations. 

C.  Potassium  Titanyl  Phosphate  (KTP) 

Optical  nonlinearity  in  KTP  was  first  discovered  at 
Dupont  in  1976  by  Zumsteg  et  al.  [18]-[20].  Since  then, 
KTP  has  been  primarily  used  as  the  second  harmonic 
crystals  in  many  commercial  and  laboratory  laser  systems 
where  premium  performance  and  reliability  are  needed 
(e.g.,  in  medical  lasers  and  in  field-portable  microlasers). 
Recent  advances  in  the  growth  of  KTP  has  made  available 
sizable  cm  long),  single  domain  crystals  suitable  for  the 
development  of  the  optical  parametric  device. 

Some  of  the  known  properties  are  tabulated  in  Table  1. 
It  is  chemically  stable  and  mechanically  robust.  Optical  di¬ 
electric  coatings  can  be  readily  applied  onto  polished  crystal 
surface  using  standard  coating  techniques.  The  single-shot 
damage  threshold  for  high  quality  hydrothermally  grown 
crystals  is  sufficiently  high  {~  30  GW /cm^  for  30  ps  pulse 
at  526  nm)  [18]-[20]  to  withstand  the  optical  power  density 
in  an  OPO.  Efficient  frequency  conversion  in  KTP  is 
restricted  to  Type  11  interaction  with  effective  nonlinearity, 
drff,  ranging  from  3  to  7.5  pm/V. 

In  the  nanosecond  regime,  the  efficient  operation  of  a 
Type  II  KTP  OPO  has  been  reported  recently  [37].  A 
diode-pumped  Nd:YAG  laser  is  used  to  pump  the  OPO  at 
1.064  fim.  With  a  15  mm  long  KTP  crystal  and  a  confocal 
resonator  cavity,  a  1.06  to  1.61  fim  conversion  efficiency 
of  35%  was  achieved. 

Recently,  Vanherzeele  [19],  [20]  has  reported  the  gener¬ 
ation  of  broadly  tunable  (600  nm  to  4.5  ^m)  picosecond 
pulses  at  the  millijoule  level  by  single-pass  OPO/OPA  in 
KTP  (Fig.  4(a)  and  (b)).  Using  a  picosecond  ND:YLF 
(1.053  ftm)  laser  as  the  pump,  a  single-pass  gain  in  excess 
of  10®  was  reported  for  a  seeded  KTP  amplifier. 

KTP  and  BBO  are  particularly  suited  for  synchronously 
pumped  OPO  for  short  pulse  generation  down  to  the 


(a) 


Phase  Matching  Angle  (deg) 

(b) 


Fig.  4.  Single-pass  parametric  generation  tuning  curves  for  KTP 
in  the  .s:  plane:  (a)  pumped  at  1. 053  /im  and  (b)  at  526  nm.  The 
tuning  gap  in  (b)  is  from  1.007  to  1.103  /im  and  can  be  removed 
by  going  to  o  -^23°  plane.  (Reprinted  from  (18]). 

picosecond  [38],  [39]  and  femtosecond  [40],  [41]  time 
domains.  In  a  synchronously  pumped  picosecond  or  fem¬ 
tosecond  OPO,  the  pump  beam  consists  of  a  train  of 
repetitive  short  pulses  each  with  a  spatial  extent  generally 
much  shorter  than  the  OPO  cavity  length.  Thus  the  pump 
pulses  are  short  traveling-wave  pulses  through  the  nonlinear 
crystal.  In  an  OPO  cavity  of  just  the  right  length,  the 
signal  pulse  will  meet  and  be  synchronously  pumped  by  the 
repetitive  pump  pulses.  For  the  same  average  pump  pulse 
power,  the  peak  pump  pulse  power  can  be  much  higher 
and  thus  more  efficient  pumping  of  the  pulsed  OPO  can 
be  achieved. 

Using  a  mode-locked  Nd:YAG  pump.  Bromley  et  al. 
[38]  have  efficiently  operated  a  synchronously  pumped 
singly  resonant  KTP  OPO.  producing  tunable  70  ps  pulses 
between  1.04  and  1.09  /im  with  an  over-all  efficiency  of 
30%. 

The  successful  use  of  a  nonlinear  crystal  in  OPO  depends, 
to  a  large  extent,  on  the  successful  development  of  its 
crystal  growth  technology.  KTP  is  no  exception.  With 
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the  recent  advances  in  the  (lux  growth  ot  KTP,  routine 
production  of  KTP  btrules  t)f  2  x  ;}  x  ji  ui*  are  now 
pttssible.  Signiheant  further  improvements  have  also  been 
made  in  the  hydrothermal  growth  of  KTP.  Thus  the  general 
availability  and  the  usefulness  of  this  crystal  .should  also 
improve  significantly  in  the  future. 

D.  TuiuiNe  Fviniosecuiul  OPO's 

There  is  a  great  need  for  CW  femtosecond  laser  sources 
with  high  pulse  repetition  rates  that  are  tunable.  The  only 
available  CW  high-repetition  rate  femtosecond  laser  oper¬ 
ates  at  approximately  630  nm  and  is  based  on  the  CW 
mtKle-locked  Rh6G  dye  laser  with  DODCl  saturable  ab¬ 
sorber  With  such  a  fixed  wavelength  femtosecond  dye  laser 
as  a  synchronous  pump,  OPO  offers  the  possibility  of 
converting  such  pulses  in  the  red  to  a  large  spectral  range 
in  the  deep  red  to  the  infrared  at  effective  efficiencies  well 
over  25%.  KTP  is  a  prime  candidate  for  such  an  application 
because  of  its  relatively  large  effective  nonlinear  coefficient. 
However,  because  of  possible  pulse  broadening  due  to 
group  dispersion  in  the  nonlinear  medium,  the  interaction 
length  is  severely  restricted.  Fur  femtosecond  pulses,  the 
KTP  crystal  length  must  be  on  the  order  of  a  mm  or  less. 
Thus  to  reach  OPO  oscillation  threshold  using  a  CW  mode- 
locked  Rh6G  dye  laser  as  the  pump,  the  KTP  crystal  must 
be  synchronously  pumped  inside  the  dye  laser  cavity.  Such 
an  intracavity  femtosecond  KTP  OPO  has  recently  been 
demonstrated  by  Edelstein  cr  al.  at  Cornell  [40],  [41|.  The 
OPO  produced  stable  pulses  of  ~  100  fs  short  at  10*  Hz 
in  the  deep  red  at  the  mW-level.  With  one  set  of  mirrors,  a 
tuning  range  from  820-920  nm  and  1 .92-2.54  /tm  has  been 
achieved.  With  three  additional  sets  of  mirrors,  the  entire 
range  from  700  nm  to  4.5  /tm  can  be  covered.  This  KTP 
OPO  is  the  first  broadly  tunable  CW  femtosecond  generator 
of  coherent  radiation.  Other  types  of  femtosecond  OPO’s 
[42]  using  different  crystals  and  pump  sources  arc  sure  to 
follow. 

Using  OPO’s  to  generate  broadly  tunable  femtosecond 
pulses  for  studies  of  ultrafast  processes  is  a  promising  new 
direction  of  OPO  research  and  device  development. 

IV.  Conclusion 

Optical  parametric  oscillators  are  powerful  solid  state 
sources  of  broadly  tunable  coherent  radiation  that  can 
operate  down  to  the  femtosecond  time  domain.  As  a  result 
of  recent  advances  in  nonlinear  optical  crystal  research, 
OPO’s  are  now  practical  devices  with  broad  potential 
applications  in  research  and  industry.  Recent  developments 
in  BBO,  LBO,  and  KTP  optical  parametric  oscillators  are 
reviewed  in  this  article.  Although  we  have  emphasized  in 
our  discussions  these  three  specific  types  of  OPO’s  to  give 
an  indication  of  the  current  status  of  the  OPO  technology 
because  of  their  more  recent  interests,  a  variety  of  other 
visible  and  IR  OPO's  based  on  older  materials  such  as 
LiNbOj,  LilOi,  KNbOi,  AgGaS;.  AgGaSei.  etc.  have  also 
been  improved  to  the  point  where  they  arc  beginning  to 
find  important  applications. 
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Recent  advances  of  the  Ti:sapphire-pumped 
high-repetition-rate 

femtosecond  optical  parametric  oscillator 
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The  details  concerning  the  resonator  configuration,  crystal  parameters,  and  operating  characteristics  of  high- 
repetition-rate  and  high-average-power  broadly  tunable  femtosecond  optical  parametric  oscillators  are  re¬ 
viewed  and  discussed  in  some  detail.  We  also  report  new  results  on  an  intracavity-doubled  optical  parametric 
oscillator  with  tunability  from  580  to  657  nm  in  ^e  visible  and  the  first,  to  our  knowledge,  high-repetition-rate 
femtosecond  optical  parametric  oscillator  with  the  new  nonlinear-opticid  crystal  In;KTiOAB04,  idiich  can  po¬ 
tentially  tune  to  5.3  pm. 


INTRODUCTION 

One  of  the  most  active  new  directions  of  research  on  opti¬ 
cal  parametric  oscillators*  (OPO’s)  is  on  broadly  tunable 
high-repetition-rate  femtosecond  OPO’s.  To  generate  a 
peak  power  large  enough  to  overcome  the  OPO’s  threshold, 
the  first  high-repetition-rate  OPO  was  coupled  intracavity 
to  a  colliding-pulse  mode-locked  dye  laser.^*^  This  OPO 
generated  lOO-fs  pulses  at  80  MHz  with  ~3  mW  of  average 
power.  After  this  initial  development  came  a  rapid  im¬ 
provement  in  design  simplicity  and  performance.  The 
first  externally  pumped  high-repetition-rate  femtosecond 
OPO  with  a  high-power  hybri<Uy  mode-locked  (fye  laser 
permitted  considerable  design  sinqiliflcation.^  This  was 
quickly  followed  by  n  demonstration  in  which  the  OPO  was 
extamaUy  punq>ed  with  a  high-power  hi^-repetition-rate 
femtosecond  Tiisapphire  laser.*'^  IK^th  the  external-cavity 
Ti:siq^ihire-pumped  OPO  the  design  is  simple  and  the  per¬ 
formance  robust.  The  Ti:sapphire-pumped  OPO  has  gen¬ 
erated  hundreds  of  milliwatts  in  both  the  signal  branch 
(to  as  much  as  680  mW)  and  the  idler  branch  (to  more 
than  450  mW),  adding  to  more  than  1  W  of  frequency- 
converted  power.  The  femtosecond  Ti:sapphire-pumped 
OPO  has  ^80  demonstrated  extensive  tunability,*  making 
it  an  extremely  attractive  device  for  femtosecond  applica¬ 
tions.  In  this  paper  we  present  a  detailed  description  of 
the  design  parameters  and  the  operating  characteristics  of 
a  Ti:sapphire-pumped  femtosecond  OPO  as  well  as  the 
most  recent  results  of  our  use  of  this  device. 


FEMTOSECOND  OPTICAL  PARAMETRIC 
OSCILLATOR  CAVITY 
DESIGN  CONSIDERATIONS 

Included  in  the  considerations  for  designing  a  femto¬ 
second  Ti  raapphire-pumped  OPO  are  the  configuration  of 
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the  resonator  and  the  orientation  of  the  nonlinear  crystal. 
The  basic  OPO  cavity  is  simple.  It  can  be  configured  as 
either  a  linear  or  a  nng  cavity,  with  or  without  intracavity 
dispersion  compensation.  Since  the  device  is  syn¬ 
chronously  pumped  the  cavity  length  must  match  that  of 
the  Tiisapphire  laser.  These  geometries  are  shown  in 
Fig.  1.  Both  cavities  are  singly  resonant  with  single¬ 
stack  mirrors  reflecting  either  the  signal  or  the  idler 
wave.  Besides  the  geometrical  differences  between  these 
two  configurations,  the  main  feature  that  sets  them  apart 
is  that  as  the  resonated  wave  traverses  one  round  trip  the 
pulse  passes  through  the  nonlinear  crystal  twice  in  the 
linear  cavity  and  only  once  in  the  ring  cavity.  The  advan¬ 
tage  of  the  linear  cavity  is  that  it  permits  double  passing 
of  the  punq>  in  the  nonlinear  crystal.  This  has  led  to  as 
much  as  a  20%  increase  in  power  in  the  output  of  the  sig¬ 
nal  beam.^  When  single-pass  pumping  fails  to  bring  the 
OPO  comfortably  above  threshold  double  passing  the  pump 
may  permit  the  OPO  to  operate  well  above  threshold,  re¬ 
sulting  in  better  stability  and  power.  However,  the  two 
passes  of  the  signal  beam  through  the  crystal  lead  to  more 
dispersion  of  the  pulse,  of  which  only  the  linear  group- 
velocity  dispersion  (GVD)  can  be  compensated  for  by  the 
prism  sequence.  The  losses  from  the  extra  pass  through 
the  crystal  are  more  than  compensated  for  by  backref  lect- 
ing  the  pump.  The  linear  cavity  with  a  backreflected 
pump  does  require  that  the  Ti:sapphire  pump  laser  be  ei¬ 
ther  feedback  insensitive  or  optically  isolated  from  the 
backreflection.  We  used  a  Ti:s{q>phire  laser  that  was  con¬ 
figured  in  a  ring  for  double  passing  the  punq>  because  this 
configuration  was  not  feedback  sensitive.*  The  ring- 
cavity  OPO  eliminates  the  second  pass  throu^  the  crystal 
but  does  not  permit  double  passing  of  the  pump.  When 
pumped  high  enough  above  threshold,  the  ring-cavity- 
OPO  operation  is  as  robust  as  the  linear  cavity  with 
feedback. 
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Fig.  1.  Schematic  of  (a)  a  linear  and  (b)  a  ring  OPO  cavity  with 
(aolid  lines)  or  without  (dashed  lines)  intracavity-prism  dispersion 
compensation.  The  Ti:s^^hire  pump  laser  is  not  shown  because 
its  alignment  to  the  crystal  depends  on  ediether  a  type-I  or  a 
type-II  interaction  is  ch^n  and  whether  the  e  wave  or  the  o  wave 
is  resonated.  Note  that  for  a  round  trip  the  pulse  passes  through 
the  crystal  twice  for  the  linear  cavity  and  only  once  for  the  ring 
cavity. 


than  the  acceptance  angle  of  the  crystal,  ediich  then  re¬ 
duces  the  efficiency  of  the  phase-matched  interaction. 
The  angular  acceptance  can  be  calculated  by  plotting  the 
function 

8in(Ajfelc/2)1 

A*i./2  J’ 

Ak  -  k,  -  k.  -  k,  (1) 

as  a  function  of  the  phase-matching  angle,  where  AA  is  the 
phase  mismatch  and  It  is  the  crystal  length.  The  full 
width  at  half-maximum  (FWHM)  gives  the  angular  accep¬ 
tance.  For  a  1-mm-thick  crystal  the  angular-acceptance 
angle  for  KTP  in  the  x-z  plane  is  0.75'  for  a  pump  wave¬ 
length  of  780  nm  and  a  signal  wavelength  of  1.3  /im.  If 
the  OPO’s  beam  diameter  is  1  mm,  then  the  focus  that 
matches  the  crystal’s  angular  acceptance  is  7.6  cm  (A  » 
15.2  cm). 


The  alignment  of  the  Ti:8apphire  pump  with  the  OPO 
cavity  depends  on  whether  the  o  wave  (idler)  or  e  wave 
(signal)  is  resonated.  When  the  idler  is  resonated  the 
punq)  and  idler  should  be  coUinear  to  maximize  the  gain. 
Resonating  the  signal,  however,  requires  determining  how 
the  Poynting  vector  of  the  signal  walks  off  the  pump. 
Wsudunan  et  al*  first  noticed  that  the  OPO  oscillated  such 
that  the  Poynting  vector  of  the  pump  and  signal  were 
coUinear.  Hence  the  pump  must  be  offset  from  the  signal 
to  permit  the  Poynting  vector  of  the  signal  to  walk  onto 
the  pump.  This  is  accompUshed  by  use  of  a  noncoUinear 
pha^matching  geometry  such  that  the  noncoUinear  angle 
between  the  pump  and  ^e  signal  is  equal  to  the  negative 
of  the  walk-off  a^e.  The  Poynting  vector  of  the  signal 
then  walks  onto  the  pump  wave  and  not  away  from  it. 
The  crystal  orientation  is  shown  in  Fig.  2.  Figure  3  plots 
the  value  of  the  Pqynting-vector  walk-off  as  a  function  of 
the  phase-matching  angle.  In  the  case  of  large  pha{,e- 
matching  an^es  this  walk-off  is  smaU,  permitting  align¬ 
ment  of  the  pump  through  one  of  the  OPO-cavity  mirrors. 
For  smaller  phase-matching  angles  the  walk-off  angle  in¬ 
creases,  and  the  pump  and  OPO-cavity  mirrors  must  be 
positioned  to  permit  this  walk-off.  For  example,  the  non- 
edUnear  an^e  for  KTP  with  a  type-II  interaction  is  2.9' 
at  a  idiase-matcfaing  angle  of  45'.  Usingcavity  mirrors  of 
R  —  10  cm  curvature  would  then  require  that  the  pump 
and  signal  beams  be  ~4  mm  apart  at  a  distan.e  of  5  cm 
from  the  KTP  crystal. 

Suitable  focusing  parameters  for  the  OPO  cavity  and 
the  Ti.'Siqqdure  pump  are  determined  fay  considering  the 
respective  focus^  beam  sizes  inside  the  crystal  and  the 
angular  acceptance  of  the  crystal.  The  theoretical  calcu¬ 
lations  of  Cheung  and  Liu”*  show  that,  for  a  configuration 
in  adiich  the  Poynting  vectors  of  the  pump  and  resonated 
wave  are  coUinear,  their  focused  beam  sizes  in  the  crystal 
should  be  aiqirozimately  the  same.  The  niimber  of  pos¬ 
sible  focusing  combinations  that  result  in  equal  beam 
sizes  of  the  pump  and  signal  in  the  crystal  is  limited  by 
the  fact  that  not  aU  these  focusings  wiU  permit  oscillation. 
As  the  beam  waist  increases,  the  peak  intensity  decreases 
eventuaUy  to  a  point  below  the  OPO  threshold.  At  the 
other  extreme,  when  the  focused  beam  size  decreases, 
the  angulAr  spread  of  the  focused  beam  becomes  larger 
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Fig.  2.  Crystal  orientation,  (a)  The  angles  0  and  ^  are  defined, 
(b)  The  alignment  of  the  KTP  crystal  for  a  type-II  interaction  in 
v^ch  the  e  wave  (k,)  is  resonated.  The  pump  (k,)  and  k,  lie  in 
the  x-z  plaiie  at  a  noncoUinear  angle  that  is  equal  to  the  negative 
of  the  >ralk-ofT  an^e  p.  k.  is  oriented  so  that  its  Poynting  vector 
walks  onto  the  pump. 


Phaie  -  Hutching  tngle  (deg) 

Fig.  3.  The  Poynting-vector  walk-off  of  the  signal  from  the 
pump  is  plotted  as  a  function  of  the  phase-matching  angle  for  a 
780-nm  punq>  and  a  noncoUinear  angle  of  2.8°. 
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Fig.  4.  Tuning  curves  for  a  type-II  interaction  in  KTP  with  a 
ncncoUinear  angle  of  2.8*.  The  tuning  curves  for  three  pump 
wavelengths  covering  a  large  pwt  of  the  Ti:sapphire’a  tuning 
range  illustrate  the  effect  of  tuning  the  punq>. 

In  an  attenqit  to  optimize  the  focusing,  we  varied  the 
cavity  focusing  mirrors  from  A  -  7.5  cm  to  iZ  —  20  cm; 
corresponding  to  these  changes  we  varied  the  pump  focus 
from  A  —  lOcmtoA  —  SOcmsoasto  keep  the  signal-  to 
pump-beam-waist  ratio  approximately  constant.  We 
found  that  with  mirrors  with  a  higher  radius  of  curvature 
the  OPO  (grated  nearer  to  threshold  and  that  at  too  ti^t 
a  focus  the  OPO  would  not  oscillate  at  all  (at  A  « 
7.5  cm).  Our  best  performance  has  been  with  either 
A  »  10  cm  or  A  o  15  cm  for  the  OPO-cavity  mirrors  and 
either  A  —  15  cm  or  A  —  25  cm,  respectively,  for  the  pump 
focusing  mirror. 

OnrSTAL  ORIENTATION 

Critical  to  the  successful  operation  of  a  femtosecond  OPO 
is  the  orientation  of  the  nonlinear  crystal.  In  this  section 
we  use  the  properties  of  the  nonlinear  crystal  KTP  as  an 
example  to  clarify  how  to  determine  the  alignment  that 
maximizes  the  gain.  The  first  consideration  is  to  orient 
the  crystal  such  that  the  effective  second-order  nonlinear¬ 
ity,  d«iT,  is  maximized.  For  KTP,  <f  ^  is  approximated  by 

Type  I  dta”  l/2(di6  -  da4)8in(28)coe(2^) ,  (2) 

lype  II  dta  “  -[d«  sinV)  +  <f*«  cos*(^)]ain(8) ,  (3) 

ediere  0,  the  fdiase-matching  angle,  and  are  defined  as 
in  Fig.  2  above.  For  KTP  the  values  of  du  and  du  are 
2,04  and  3.92,  respectively.'^  For  these  values  the  type-II 
interaction  alvrays  has  a  larger  d^  than  does  the  type-I 
interaction.  For  the  type-II  interaction  d^  is  maximized 
for  ^  —  0  so  that  the  KTP  crystal  is  aligned  such  that  the 
parametric  interactions  occur  in  the  x-z  plane.  It  is  clear 
from  Eq.  (3)  that  one  maximizes  d^n  for  the  tjrpe-II  inter¬ 
action  for  a  phase-matching  angle  of  90”;  holder,  it  is 
sometimes  advantageous  to  jdiase  match  at  smaller  angles. 
^lecificaUy,  wavelengths  that  are  not  available  at  larger 
an^es  are  accessible  at  smaller  phase-matching  an^es,  as 
riwwn  in  Fig.  4. 

The  tuning  curves  for  KTP  with  ^  —  0  and  for  various 
possible  Ti:siq)idure  pump  wavelengths  are  generated  as  a 
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function  of  the  phase-matching  angle  0  and  are  shown  in 
Fig.  4.  From  this  figure  it  is  clear  that  KTP  has  a  broad 
tuning  range,  but  to  have  access  to  the  whole  range  re¬ 
quires  either  tuning  the  pump  or  changing  the  ciystal 
I^iase-matching  angle.  The  Ti.sapidiire-pumped  OPO  of¬ 
fers  the  advantage  that  the  Ti;sapi^re  laser  itself  is  tun¬ 
able,  which  leads  to  broad  tunabiUty  in  the  OPO.  As  seen 
in  Fig.  4,  tuning  the  Ti:sapphire  laser  can  lead  to  a  sub¬ 
stantial  change  in  wavelength  in  the  OPO.  For  the  region 
in  which  0  is  <55°,  tuning  the  pump  leads  to  a  large 
change  in  the  e  wave’s  wavelength  but  only  a  small  change 
in  the  o  wave.  In  this  region  one  accomplishes  tuning  to 
the  longer  wavelengths  of  the  o  wave  by  sinqily  changing 
the  {diase-matching  angle.  For  an^es  that  are  >55”,  in 
ediii^  dM  is  largest,  changing  the  {diase-matching  anjde 
leads  to  a  smaU  change  in  wavelength,  so  in  this  region 
tuning  the  pump  makes  more  sense. 

A  consideration  that  has  a  direct  bearing  on  the  perfor¬ 
mance  of  the  OPO  is  the  magnitude  of  the  inverse  group- 
velocity  mismatch  (GVM)  between  the  pump,  the  signal, 
and  the  idler  waves.  The  GVM  is  q>proximately  -25  fs/ 
mm  between  the  pump  and  the  signal  and  —200  fs/mm 
between  the  pump  and  the  idler  for  the  majority  of  the 
tuning  range.  This  puts  a  limitation  on  the  crystal’s 
thickness.  The  crystal  should  be  thick  enough  to  provide 
high  gain  but  thin  enough  to  limit  the  effect  of  GVM. 

AdditionaUy,  the  crystal  should  be  thin  enoucdi  to  {diase 
match  the  bandwidth  of  the  ultrashort  pulse.  ^  gener¬ 
ated  pulses  as  short  as  57  fs  by  using  a  1.15-mm-thick 
crystal,  with  115  mW  in  the  signal  beam.  With  this  1.15- 
mm-thick  crystal  we  measured  up  to  60%  pump  depletion. 
Although  using  a  thicker  crystal  will  increase  the  inter¬ 
action  length  and  will  lead  to  more  pownr,  this  has  the 
potential  of  broadening  the  OPO  pulses.  The  FWHM 
of  Eq.  (1)  plotted  versus  wavelength  gives  the  phase¬ 
matching  bandwidth.  The  {diase-matching  bandwidth  for 
a  1-mm-thick  crystal  of  KTP  is  33  nm  at  a  signal  wave¬ 
length  of  1.3  lan;  this  has  a  transform-limited  pulse  width 
of  53  fs,  assuming  a  secb*  pulse  sh^.  Increasing  the 
crystal  thickness  to  1.5  mm  decreases  the  phase-matching 
bandwidth  to  22  nm,  and  consequently  the  transform- 
limited  pulse  eddth  is  80  fs. 

OPERATING  CHARACTERISTICS 

When  the  OPO  is  pumped  sufficiently  above  threshold 
(1  W  at  100  fs  or  bettm*),  the  output  of  the  OPO  is  a  stable 
pulse  train.  The  average-power  fluctuations  and  pulse- 
to-pulse  variations  of  the  OPO  are  determined  almost  en¬ 
tirely  by  the  Tiisiqjphire  pump  laser.  Even  without  an 
active  cavity-length  stabilizer  to  length  match  the  OPO 
and  Tirs^hire  cavities  continuously,  oscillation  can  be 
maintained  stably  for  as  much  as  several  hours.  Operat¬ 
ing  near  threshold  decreases  the  stability  of  the  OPO 
pulse  train,  as  does  operating  near  0  GVD. 

The  OPO  pulses  are  characterized  by  a  chirped  and  an 
unchirped  regime.  The  chirped  regime  is  encountered 
when  the  cavity  is  operated  with  a  net  positive  GVD,  and 
the  unchirped  regime  occurs  with  net  negative  GVD. 
With  intracavity  dispersion  compensation  it  is  possible  to 
vary  the  GVD  from  net  n^ative  values  to  net  positive  val¬ 
ues.  We  observed  a  flip  from  chirped  pulses  to  unchirped 
pulses  as  we  changed  from  negative  to  positive  net  GVD. 


Fig.  5.  Tiiaapidure-puniped  intracavity-doubled  KTP  OPO.  The 
Tiraapi^re  be«un  ia  focu^  by  the  /?  —  25  cm  pump  mirror  (PM) 
onto  the  l.S-mm-thick  KTP  crystal.  The  KTP  gain  crystal  is  cut 
at  0  »  45°,  ^  0°  for  type-n  phase  matching  in  the  positive  re¬ 

gion  of  the  x-z  {dane.  The  OPO  curved  mirrors  (MCI,  MC2)  at 
the  gain  and  frequency  doubling  foci  have  radii  A  •  15  cm  and 
A  -  10  cm,  respectively.  Two  pairs  of  SF-14  prisms  (P)  spaced 
20  cm  tip  to  tip  are  used  for  intracavity  dispersion  compensation. 
The  single  SHG  output  is  transmitted  through  the  OPO  hi^  re¬ 
flector  (HR)  at  the  doubling  focus.  OC,  output  coupler;  pulse 
width. 

Near  the  0  GVD  point  the  pulses  spontaneously  jump  be¬ 
tween  chirped  and  unchirped  pulses,  leading  to  instability 
in  the  pulse  train. 

Accompaiiying  the  signal  and  idler  outputs  are  several 
non-phase-matched  processes.  Non-phase- matched 
second-harmonic  generation  (SHG)  of  the  signal  wave 
(.e  +  e  —*  e),  as  well  as  noncoUinear  non-phase-matched, 
sum-frequency  generation  between  the  pump  and  the  sig¬ 
nal  wave  (o  -t-  e  -*  o),  have  been  identified.*-’’*^  We  have 
also  identified  the  noncoUinear  non-phase-matched  sum- 
frequency  generation  between  the  pump  and  the  idler 
wave.  The  power  in  this  beam  is  less  than  a  milliwatt.  It 
is  interesting  that  this  wavelength  is  equal  to  the  non- 
phase-matched  second  harmonic  (SH)  of  the  signal  beam 
wdien  the  signal  beam  equals  1.5  times  the  pump  beam. 
We  have  observed  this  with  a  867-nm  pump  and  1.3-/bim 
signal.  With  the  signal  and  idler  pulses  this  gives  five 
synchronous  wavelengths. 


destroy  the  pulse-shying  process.  We  genowea  a  kkut 
of  240  mW  of  sub-lOO-fs  pulses  at  a  wavelength  of  647  nm 
and  demonstrated  tuning  of  the  output  from  680  to 
657  nm.  Because  of  the  optical-power  limiting  by  the 
nonlinear  loss  of  the  SHG,**  the  output  of  the  intracavity- 
doubled  OPO  is  very  stable  and  quiet.  Althou^  no  quan¬ 
titative  noise  measurements  have  been  made,  the  output 
pulse  train  of  the  SH  is  as  quiet  as  the  Ti:sai^hire  laser 
when  viewed  on  a  fast  oscillosci^. 

The  intracavity-doubled  OPO,  which  uses  a  1.5-mm- 
thick  KTP  crystal  that  is  cut  for  type-Il  (o  -*  e  -t-  o)  phase 
matching  (6  ••  45°,  ^  —  0°)  in  the  x-z  plane,  is  slmwn  in 
Fig.  5.  We  add  to  the  ring  cavity  an  additional  intracavity 
focus  of  A  »  10  cm  mirrors  that  are  high  reflectors  cen¬ 
tered  at  1.3  /xm  and  that  transmit  —80%  of  the  SH  wave¬ 
length.  After  aligning  the  OPO  with  the  additional 
intracavity  focus,  we  use  the  OPO-sighal  beam,  taken 
through  a  1%  output  coupler,  to  align  the  47-/tm-thick  /9- 
BaB204  (BBO)  Brewster-cut  crystal  for  SHG  using  type-I 
phase  matching.  Next  we  insert  the  thin  BBO  crystal  at 
the  intracavity  focus,  r^;ain  OPO  oscillation,  and  proceed 
to  replace  the  OPO’s  1%  output  coupler  with  a  high  reflec¬ 
tor  to  maximize  the  SH  output  power. 

BBO  is  exceptionally  well  suited  for  frequency  doubling 
of  ultrashort  pulses  in  the  wavelength  range  of  the  signal 
branch  of  the  OPO.  The  phase-matching  curve  for  SHG 
in  BBO  is  shown  in  Fig.  6(a).  We  refer  to  the  point  on  the 
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RECENT  ADVANCES 

Our  most  recent  efforts  have  been  directed  toward  gener¬ 
ating  exceptionally  high  output  powers  and  broad  tunabil- 
ity.  For  the  high-power  result  we  used  a  Ti:sapphire 
laser,  producing  2.4  W  of  average  power  with  a  115-fs 
pulse  width.  With  this  pump  source  we  generated  130-f8, 
680-mW  pulses  in  the  signal  branch  by  using  a  linear- 
cavity  Oro  configuration  and  a  1.5-mm-thick  KTP  crys¬ 
tal.  This  is  excellent  conversion  efficiency  and  is  near 
the  Manley-Rowe  limit.  The  Manley-Rowe  relation 
states  that  the  number  of  pump  photons  that  are  annihi¬ 
lated  is  equal  to  the  number  of  signal-idler  photon  pairs 
that  are  created.'*  The  limit  for  a  2.4-W  pump  at  780  nm 
and  a  signal  wavelength  of  1.3  fim  fields  720  mW  in  the 
signal  beam. 

Using  intracavity  frequency  doubling,  we  have  extended 
into  the  visible  the  wavelength  range  that  is  accessible  to 
femtosecond  OPO  pulses.  Because  the  Tirsapphire- 
pumped  OPO  is  tynchronously  pumped,  the  nonlinear  loss 
of  the  SHG  to  the  intracavity  OPO-signal  pulse  does  not 


(b) 

Fig.  6.  (a)  Phase-matching  angle  versus  fundamental  wave¬ 
length  for  type-I  SHG  in  BBO.  The  degenerate  point  at  which 
the  phase-matching  angle  is  minimized  and  ph^  matches  a 
sin^e  wavriength  occurs  at  1.47  nm.  The  SHG  phase-matching 
bandwidth  becomes  very  large  near  this  degenerate  point, 
(b)  The  SHG  phase-matching  spectrum  for  «  55  /un  BB()  crys¬ 
tal  (47-Mm-thick  crystal  at  Brewster’s  angle)  that  was  ph^ 
matched  for  SHG  at  1.3  and  1.65  $im. 
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Fig.  7.  (a)  Intracavity-doubled  KTP  OPO  spectra  within  the 
demonatrated  tuning  range  of  580-657  nm.  (b)  Real-time  inter¬ 
ferometric  autocorr^tion  for  240-mW  total  SH  produced,  at  115- 
fs  pulse  width,  centered  at  647  nm.  Although  not  shown, 
eztracavity  two-priam  dispersion  compensation  compressed  the 
pulses  to  95  fs  with  no  degradation  in  pulse  ahi^. 


Fig.  8.  IHining  curves  for  a  type-II  interaction  in  In;KTA  with  a 
noncdlinear  an^e  of  -2.8”.  The  tuning  curves  for  three  pump 
wavelengths  covering  a  large  part  of  the  Tirsapphire’s  tuning 
range  illustrate  the  effect  of  tuning  the  pun^). 

irfiase-matching  curve  at  which  the  slope  is  zero  as  the  de- 
geaerate  point.  Interestingly,  at  this  degenerate  point  in 
the  phase-matching  curve,  which  occurs  for  BBO  at 
~1.47  tan,  the  group  velocities  of  the  fundamental  and  SH 
are  matched.  As  a  result,  in  the  regime  of  1.47-/im  BBO 
has  a  small  GVM  and  a  large  SHG  jdiase-matching  band¬ 
width.  It  is  important  to  note  that  this  simultaneous 
matching  of  the  SHG  i^iase  and  group  velocities  at  the 
degenerate  point  also  occurs  in  LiNbOs,  another  crystal  of 
the  3m  point  group. 


In  the  case  of  our  ultrathin  47-Mm-thick  BBO  crystal 
the  phase-matching  bandwidth  for  1.3  /im  is  shown  in 
Fig.  6(b).  The  two  sinc*(AiH,/2)  SHG  phase-matching 
curves  (at  A  —  1.30  foa  and  A  ~  1.65  /xm)  have  merged  to 
give  a  FWHM  SHG  bandwidth  of  1514  nm.  Our  oimerva- 
tions  of  the  intracavity-doubled  OPO  agree:  after  tuning 
the  OPO  from  1.2  to  1.3  nm,  rotating  the  {diase-matching 
angle  of  the  BBO  has  no  effect  on  the  ^G  conversion 
efficiency.  Once  the  BBO  crystal  is  aligned  to  double 
near  the  center  of  the  OPO-signal  tuning  curve,  tuning 
the  SHG  is  accomplished  by  simply  tuning  the  OPO  with 
no  adjustment  to  the  BBO  (diase-matching  angle. 

As  mentioned  above,  the  intracavity-doubled  OTO  is  a 
stable  source  of  femtosecond  pulses  in  the  visible.  Fig¬ 
ure  7  shows  spectra  from  the  demonstrated  tuning  range 
and  a  real-time  interferometric  autocorrelation  of  the  SHG 
output.  The  pulse  shs^  of  the  OPO  fundamental  is  simi¬ 
larly  clean  and  quiet.  The  Tirsiqiphire-pumped  femto¬ 
second  OPO  and  the  intracavity-doubled  OPO  d^onstrate 
very  powerful  nonlinear-optical-generation  techniques 
that  will  continue  to  increase  in  importance  as  pump 
sources  are  improved  and  as  new  pump  sources  are 
developed. 

To  extend  the  tuning  range  to  longer  wavelengths,  be¬ 
yond  4  /un,  we  have  demonstrated  optical  parametric  os¬ 
cillation  with  the  new  nonlinear  crystal  In:KTiOAs04 
(In:KTA).  In:KTA  is  very  similar  to  KTP  but  has  a  larger 
transparency  range,  adiidi  extends  to  5w3  /xm.  In:KTAs 
transparency  range  has  no  absorption  bands  as  does  KTP, 
for  example,  at  3.5  /xm.**  Figure  8  shows  that  phase 
matching  over  the  transparency  region  for  In:KTA  is  pos¬ 
sible  out  to  5i3  /xm.  The  In:KTA  OPO  is  aligned  in  the 
same  way  as  the  KTP  OPO.*  A  1.5-mm-thick  In:KTA 
crystal  is  oriented  for  a  type-II  interaction  with  a  phase- 
matching  an^e  of  ~50^  The  e  wave  is  resonated  in  a 
linear  cavity  with  prisms  with  a  noncoUinear  angle  that  is 
equal  to  the  negative  of  the  walk-oH  angle  of  2”.  We  pro¬ 
duced  pulses  at  1.435  /xm  in  the  signal  branch  and 
1.662  /xm  in  the  idler  branch  with  a  770-nm  Ti:s8q>phire 
pump.  This  is  the  first  demonstration,  to  our  knowledge, 
of  a  high-repetition-rate  OPO  with  In:KTA,  and,  as  shown 
in  Fig.  8,  tuning  bqyond  4  /xm  is  possible  with  the  appro¬ 
priate  crystal  cut  and  mirror  coatings. 


CONCLUSION 

The  high-repetition-rate  Ti: sapphire-pumped  femto¬ 
second  OPO  is  a  rdmst  device  that  is  capable  of  high  aver¬ 
age  power  and  short  pulse  widths,  tunable  from  the  visible 
to  the  mid-IB.  This  device  produced  unchirped  pulses 
with  powers  as  hi^  as  680  mW,  pulse  widths  as  slmrt  as 
57  fs,  and  tunability  from  580  to  657  nm  in  the  visible  as 
well  as  from  1.16  to  2.2  /xm  in  the  IR.  In  the  near  future 
we  plan  to  extend  this  tuning  range  to  5  /xm  with  In:KTA, 
and  we  are  looking  at  other  new  materials  that  would  per¬ 
mit  us  to  tune  even  further  into  the  IB.  At  the  same 
time,  we  are  also  kxdung  into  generating  OPO  pulses  that 
are  shorter  than  57  fs,  to  our  knowledge  the  shortest 
pulses  from  an  OPO  yet  nparted.  Finally,  as  a  true  test 
of  the  OPO’s  performance,  we  plan  to  use  the  OPO  in 
punqi-probe-style  experiments  to  generate  high  signal-to- 
noise  data. 
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High-repetition-rate  femtosecond  pulse  generation  in  the  blue 
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Mfe  report  the  generation  of  high-repetition-rate  femtosecond  pulses  in  the  blue  by  intracavity  doubling  of  a 
mode-locked  Ti-'sapf^ire  laser  using  ft-BaBiOi.  To  reduce  the  pulse-broadening  effect  of  gro«q>-velocity  mis¬ 
match,  an  extremely  thin  0-BaB2O4  crystal  is  used.  By  pumping  the  Ti:sap|dure  laser  with  4.4  W  of  power 
from  an  Ar*  laser,  as  much  as  230  mW  of  430-nm  light  is  produced  at  a  72-MHz  repetition  rate  and  a  89-fs 
pulse  width.  This  represents  an  effective  conversion  efficiency  of — 75%  from  the  typi^  infrared  output  to  the 
second  harmonic.  Pulse  widths  as  short  as  54  fs  are  achieved  for  the  blue  output. 


Extension  of  the  wavelength  range  accessible  to 
femtosecond  pulses  has  been  a  topic  of  much  inters 
est.  The  two  techniques  used  most  frequently  to 
generate  <100-fs  pulses  at  otherwise  unattainable 
wavelengths  are  continuum  generation  and  fre> 
quent^  conversion  with  the  use  of  crystals.  Fern* 
tosecond  pulse  generation  techniques  based  on 
amplification  followed  by  continuum  generation  per<- 
mit  tunability  from  the  UV  into  the  IE.'  However, 
amplification  reduces  the  pulse  repetition  rate  to 
the  order  of  a  kilohertz,  and  there  is  often  a  loss  of 
time  resolxition  in  the  final  pulse.  In  contrast,  fre¬ 
quency  conversion  in  crystals  can  maintain  the  high 
repetition  rate  of  the  femtosecond  megahertz-rate 
la^r  and  requires  only  a  single  cw  pump  laser.  The 
higher  repetition  rate  results  in  much  smaller  pulse 
fluctuation  and  excellent  experimental  signal-to- 
noise  ratios. 

In  recent  years,  much  progress  has  been  made  in 
extending  the  spectral  range  of  high-repetition-rate 
femtosecond  pulses  throughout  the  visible  and  IR 
by  using  frequency  conve;sion  in  crystals.  The 
80-MHz  femtosecond  optical  parametric  oscillator 
permits  broad  tunability  throughout  the  near  IR 
and  mid-IR.^’^  High-repetition-rate  femtosecond 
pulse  generation  in  the  UV  and  blue-green  has  been 
somewhat  more  limited.  Colliding-pulse  mode- 
locked  (CPM)  lasers  have  directly  generated 
<100-f8  pulses  in  the  range  of  493  to  554  nm  at 
milliwatt  outputs,^'^  and  intracavity  doubling  of 
the  Rhodamine  6G/diethyloxadiacarbocyanine  io^de 
(Rh6G/DODCI)  CPM  cfye  laser  has  resiilted  in  a 
100-MHz  source  of  femtosecond  pulses  with  milli¬ 
watt  outputs  in  the  310-315-nm  range.  The 
Rh6G/DODCI  CPM  laser  was  first  intracavity 
doubl^  by  using  KDP.®  Soon  thereafter,  /3-BaB204 
(BBO)  was  used  to  intracavity  double  the  CPM  laser 
with  a  per-pass  conversion  efficiency  as  high  as 
5.5%,  which  generated  20  mW  of  UV  output  per  arm 
with  <100-fs  pulse  widths,  and  pulse  widths  as  short 
as  43  fs.^  This  gives  an  effective  conversion  effi¬ 


ciency  of  nearly  100%  from  the  typical  CPM  output 
in  the  red  to  the  UV. 

While  the  standard  Rh6G/DODCI  CPM  dye  laser 
operates  at  a  wavelength  slightly  shorter  than  the 
tuning  range  of  the  Ti:sapphire  laser,  the  broad  tun¬ 
ability,  the  high  average  output  power,  and  the  obvi¬ 
ous  ath^antages  of  a  solid-state  laser  ^ve  made  the 
dispersion-compensated  mode-locked  Ti:sapphire 
laser  ^  an  extremely  attractive  replacement  for 
the  CPM  dye  laser.  At  present,  the  mode-locked 
Ti:  sapphire  laser  can  potentially  operate  with 
<200-fs  pulse  widths  and  >100-mW  average  power 
over  the  range  of  700  to  1053  nm.”  Frequency  dou¬ 
bling  over  tUs  spectral  range  provides  femtosecond 
pulses  from  350  to  525  nm.  Doubling  of  the 
Ti:sapphire  laser  outside  the  cavity  has  been  re¬ 
ported.’”  The  best  conversion  efficiency  of  25% 
was  achieved  at  750  nm,  although  no  second- 
harmonic  pulse  widths  were  reported  and  the  length 
of  the  doi^ling  crystal  was  not  given.  The  groiq>- 
velocity  mismatch  for  tsrpe  I  second-harmonic  gen¬ 
eration  (SHG)  in  BBO  at  750  nm  is  225  fs/mm,  and 
in  order  to  maintain  the  narrowest  tenqwral  pulse 
width  a  thin  doubling  crystal  is  required.  Use  of  a 
thin  crystal  therefore  necessitates  a  high  peak 
power  to  achieve  high  conversion  efficiency,  and 
thus  intracavity  doubling  is  required  to  achieve 
simultaneously  the  shortest  pulses  and  the  highest 
power  in  the  second  harmonic.  As  discussed  fiu-- 
ther  below,  extremely  high  intracavity  conversion  ef¬ 
ficiency  is  possible,  which  would  resiilt  in  UV,  blue, 
or  green  outputs  of  hundreds  of  milliwatts  average 
power.  Using  an  extremely  thin  (55  p.m.)  crystal  of 
BBO,  we  demonstrate  a  72-MHz  repetition-rate 
source  of  blue  pulses  of  89-fs  duration  (FWHM)  and 
115  mW  of  power  per  arm  (two  arms  of  BBO;  see 
Fig.  1).  Reducing  the  pulse  width  for  the  blue  to 
54  fs,  we  measure  45  mW  of  power  per  arm. 

Figure  1  shows  a  schematic  of  the  dispersion- 
compensated  intracavity-doubled  Ti^sapphire  laser. 
The  SF-10  prisms  are  spaced  50  cm  tip  to  tip.  The 
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Pig.  1.  Schematic  of  the  intracavity  doubled  Ti:sapphire 
laser.  XTAL,  Ti:sapphire  crystal;  G’s,  gain  mirrors;  L, 
focusing  lens;  P’s,  SF-10  prisms;  M’s,  flat  mirrors;  D, 
dichroic  mirror;  BBO,  doubling  crystal;  S,  tuning  slit;  OC, 
output  coupler. 

argon  pump  laser  is  focused  by  a  10-cm  focal-length 
lens  through  one  of  the  r  =  10  cm  gain  mirrors  onto 
the  18-mm-long  titanium-doped  (0.1%)  sapphire 
crystal.  The  additional  intracavity  focus  at  the 
BBO  crystal  consists  of  r  =  5  cm  dichroic  mirrors 
(fused-silica  substrates,  H  =  100%  at  860  nm, 
T  =  70%  at  430  nm).  The  outcoupler  has  T  =  1% 
for  the  IR  and  was  replaced  by  a  high  reflector  when 
the  highest  power  in  the  blue  was  generated.  Be¬ 
fore  insertion  into  the  laser  cavity,  the  crystal  is 
aligned  for  maximum  SHG  conversion  efficiency  in 
the  extracavity  beam  of  the  mode-locked  Ti:sapphire 
laser  operating  at  the  intended  doubling  wavelength 
of  —860  nm.  The  proper  alignment  of  the  BBO  can 
be  preserved  on  insertion  into  the  laser  cavity. 

Pulse-width  measurements  for  both  the  funda¬ 
mental  (IR)  and  the  second-harmonic  light  are  made 
by  autocorrelation  with  collinear  type  I  SHG  in 
BBO.  The  BBO  crystal  used  to  measure  the  IR 
autocorrelation  has  u  thickness  of  0.8  mm  and  is  cut 
for  a  phase-matching  angle  of  d  =  27.5°.  The  BBO 
crystal  used  to  measure  the  blue  pulse  widths  has  a 
thickness  of  0.67  mm  and  is  cut  at  0  =  69°.  The 
second  harmonic  of  the  blue  (215  nm,  the  fourth 
harmonic  of  the  Ti:sapphire)  is  passed  through  a 
0.2-m  monochromator  and  detected  by  a  solar-blind 
photomultiplier  tube.  The  spectra  for  the  funda¬ 
mental  and  second-harmonic  outputs  from  the  laser 
are  measured  by  using  a  0.25-m  monochromator  to 
disperse  the  light  onto  an  optical  multichannel 
analyzer. 

We  point  out  that  the  type  I  SHG  cutoff  wave¬ 
length  in  the  blue  for  BBO  is  409  nm.  Below  this 
wavelength,  accurate  pulse-width  measurement  re¬ 
quires  a  more  difficult  technique  such  as  cross 
correlating  the  fundamental  beam  with  the  second- 
harmonic  beam  by  using  phase-matched  sum- 
frequency  generation.  Owing  to  the  significant 
group-velocity  mismatch  between  the  fundamental 
and  second-harmonic  pulses  for  fundamental  wave¬ 
lengths  below  820  nm  (the  group-velocity  mismatch 
is  >170  fs/mm  for  BBO  at  Air  =  820  nm  and 
increases  for  shorter  wavelengths),  a  thin  cross¬ 
correlation  crystal  is  required.’  Thus,  for  the 
convenience  of  using  collinear  type  I  SHG  autocor¬ 
relation  to  measure  the  pulse  width  of  the  doubled 
light,  we  operated  the  Ti:sapphire  laser  at 
A  >  820  nm. 


The  intracavity-doubled  mode-locked  laser  is 
started  by  a  slight  mechanical  perturbation,  usually 
by  a  smaU-amplitude,  gentle  back-and-forth  transla¬ 
tion  of  one  prism.  Once  well  aligned,  the  mode- 
locked  laser  operates  stably  indefinitely  (observed 
for  as  much  as  -6  h),  although  significant  mechani¬ 
cal  perturbation  can  stop  mode-locked  operation. 
The  mode  locking  generally  is  not  self-starting. 
Variation  of  the  intracavity  dispersion  compensation 
permits  control  of  the  pulse  width.  On  starting,  the 
laser  is  pushed  to  shorter  pulses  simply  by  ^ding 
prism  glass  and  adjusting  the  focusing  slightly  to 
maintain  high  stability.  While  the  laser  stability  is 
excellent  even  at  the  longer  pulse  widths,  the  oscillo¬ 
scope  trace  of  the  IR  mode-locked  pulse  train  indi¬ 
cates  somewhat  quieter  operation  as  the  pulse  width 
is  decreased.  The  spatial  mode  of  the  fundamental 
beam  is  TEMoo  with  faint,  simple  higher-order 
modes  superimposed.  The  blue  beam  mode  is  a 
clean  TEMoo  that  shows  no  sign  of  higher-order 
modes,  thus  verifying  that  the  power  of  the  funda¬ 
mental  lies  almost  entirely  in  the  TEMoo  mode. 

When  the  laser  is  run  with  a  high  reflector  in 
place  of  the  outcoupler,  107-fs  IR  pulses  produce 
230  mW  of  second  harmonic.  Without  the  intracav¬ 
ity  doubling  crystal,  the  maximum  output  of  the 
mode-locked  Ti:sapphire  laser  operating  at  860  nm 
is  —300  mW  for  4.4-W  pump  power;  thus  generation 
of  230  mW  of  blue  power  gives  an  effective  conver¬ 
sion  efficiency  of  —75%  from  the  IR  output  typical 
at  this  pump  power.  The  dichroic  mirrors  transmit 
—72  mW  of  power  per  arm  of  the  blue  second- 
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Fig.  2.  (a)  Autocorrelation  data  for  the  fundamental  and 
second-harmonic  pulses  in  the  longer-pulse  limit.  The 
FWHM  for  the  fundamental  is  107  fs,  and  for  the  second 
harmonic  it  is  89  fs.  (b)  Spectra  for  the  fundamental  and 
second-harmonic  beams.  The  FWHM  for  the  fundamen¬ 
tal  is  12.7  nm,  which  gives  AvAt  =  0.55,  and  for  the  second 
harmonic  it  is  4.9  nm,  which  gives  At^Ar  =  0.71. 
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Fig.  3.  (a)  Autocorrelation  data  for  the  fundamental  and 
second-harmonic  pulses  for  the  shortest  second-harmonic 
pulses.  The  FWHM  for  the  fundamental  is  93  fs,  and  for 
the  second  harmonic  it  is  54  fs.  (b)  Spectra  for  the  fun¬ 
damental  and  second-harmonic  beams.  The  FWHM  for 
the  fundamental  is  18.6  nm,  and  for  the  second  harmonic 
it  is  7.7  nm.  This  gives  Ivkt  =  0.70  for  the  fundamental 
and  AvAt  =  0.67  for  the  blue  second-harmonic  pulses. 

harmonic  light.  On  compression  of  the  blue  pulses 
by  a  dispersion-compensating  prism  pair,  a  pulse 
width  of  89  fs  is  measured  (see  Fig.  2).  The  prism 
pair  allows  compensation  for  the  dispersion  of  the 
dichroic  mirror  substrate  and  of  other  intracavity 
optics  as  well  as  for  any  upchirp  that  the  pulses  may 
have  on  generation  in  the  intracavity  BBO  crystal. 
The  IR  pulses  are  not  extracavity  dispersion  com¬ 
pensated.  The  spectral  FWHM’s  of  the  IR  and  blue 
are  12.7  and  4.9  nm,  respectively,  which  give  = 
0.55  for  the  IR  and  ApAt  =  0.71  for  the  blue  pulses. 
Pulse  widths  and  time-bandwidth  products  are  de¬ 
termined  assuming  a  sech^(0  intensity  envelope. 

We  achieved  the  shortest  blue  pulses  when  run¬ 
ning  the  laser  with  a  1%  outcoupler  in  place  of  the 
hi^  reflector  and  operating  closer  to  net  zero  intra¬ 
cavity  group-velocity  dispersion  (see  Fig.  3).  The 
power  of  the  IR  coupled  out  is  27  mW  whereas  the 
blue  power  transmitted  by  the  dichroic  mirrors 
is  —31  mW  per  arm.  The  extracavity  dispersion- 
compensated  blue  pulses  have  a  FWHM  of  54  fs  and 
a  spectral  FWHM  of  7.7  nm,  which  gives  ApAt  = 
0.67.  The  IR  pulses  (which  again  are  not  extracavity 
dispersion  con^)ensated)  have  a  pulse  width  of  93  fs 
and  a  spectral  FWHM  of  18.6  nm,  which  yields 
ApAt  =  0.70.  It  is  believed  that  the  IR  pulses  may 
be  compressed  by  an  extracavity  two-prism  se¬ 
quence,  and  we  hope  to  verify  this  in  the  near  future. 
Again,  a  sech^(f)  intensity  envelope  is  assumed. 

The  observed  intracavity  SHG  conversion  effi¬ 
ciency  of  3.2%  per  pass  for  the  shortest  blue  pulses 
agrees  well  with  the  theory  (3.5%)  for  conversion  by 


a  nondepleted  pump  wave.'*  Without  the  intracav¬ 
ity  BBC)  crystal,  we  have  observed  stable  mode- 
locked  operation  for  <100-fs  pulses  at  intracavity 
powers  as  high  as  8  W.  For  the  same  focusing  and 
BBO  crystal  length  presented  here,  8  W  of  intra¬ 
cavity  power  at  a  llO-fs  pulse  width  would  yield  a 
more  than  fourfold  increase  in  the  output  of  the  sec¬ 
ond  harmonic,  or  ~500  mW  of  blue  light.  For  this 
case,  the  peak  intracavity  intensity  at  the  focus 
would  approach  the  reported  single-shot  damage 
threshold  for  BBO  of  50  GW/cm^.*^  However,  this 
threshold  pertains  to  pulses  of  8-ns  duration,  and  we 
expect  the  threshold  to  increase  by  orders  of  magni¬ 
tude  for  the  100-fs  pulse-width  regime.  The  aver¬ 
age  intensity  is  orders  of  magnitude  below  the 
long-term  damage  threshold  for  BBO.'^ 

In  conclusion,  we  have  demonstrated  highly  effi¬ 
cient  intracavity  doubling  of  a  mode-locked 
Ti:sapphire  laser  that  yields  a  source  of  femtosecond 
pulses  in  the  blue  with  the  same  high  repetition  rate 
of  72  MHz,  short  pulse  width,  excellent  beam  qual¬ 
ity,  and  power  in  the  blue  representing  appreciable 
recovery  of  the  typical  IR  output  at  this  4.4-W  pump 
level.  This  research  represents  an  extension  of  in¬ 
tracavity  doubling  to  solid-state  mode-locked  lasers 
and  results  in  a  source  of  femtosecond  pulses  poten¬ 
tially  tunable  from  the  near  UV  into  the  green,  thus 
broadly  expanding  the  potential  spectral  range  for 
femtosecond  pulses. 

The  authors  thank  W.  S.  Pelouch,  P  E.  Powers,  anO 
D.  C.  Edelstein  for  helpful  conversations.  Thir 
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Electronics  Program  and  the  National  Science 
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Ti:sapphire-pumped,  high-repetition-rate  femtosecond  optical 

parametric  oscillator 
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A  broadly  tunable  femtosecond  optical  parametric  oscillator  (OPO)  based  on  KTi0P04  that  is  externally 
pumped  by  a  self-mode-locked  Ti:8apphire  laser  is  described.  Continuous  tuning  is  demonstrated  from  1.22  to 
1.37  pm  in  the  signal  branch  and  from  1.82  to  2.15  ^m  in  the  idler  branch  by  using  one  set  of  OPO  optics.  The 
potential  tuning  range  of  the  OPO  is  from  1.0  to  2.75  pm  and  requires  three  sets  of  mirrors  and  two  crystals. 
V^thout  prisms  in  the  OPO  cavity,  340  mW  (475  mW)  of  chirped-pulse  power  is  generated  in  the  signal  (idler) 
branch  for  2.5  W  of  pump  power.  The  total  conversion  efficiency  as  measured  by  the  pump  deletion  is  55%. 
With  prisms  in  the  cavity,  pulses  of  135  fs  are  generated,  which  can  be  shortened  to  75  fs  by  increasing  the  out¬ 
put  coupling. 


Optical  parametric  oscillators  (OPO’s)  have  recently 
been  exploited  in  the  femtosecond  time  domain  as  a 
source  of  broadly  and  continuously  tunable  radia¬ 
tion.  The  lack  of  suitable  pump  sources  has  ham¬ 
pered  the  development  of  femtosecond  OPO’s  that 
operate  with  short  pulse  widths,  a  high  repetition 
rate,  and  high  output  powers.  The  high  peak  power 
at  the  intracavity  focus  of  a  colliding-pulse  mode- 
locked  dye  laser  was  exploited  to  develop  the  fii^t 
femtosecond  OPO.*'®  This  resulted  in  ai05-fs, 
80-MHz  pulses  at  approximately  3  mW  of  output 
power.  Other  researchers  resorted  to  a  Q-switched 
and  mode-locked  laser  (300  pulses  at  15  Hz)  to  pump 
an  OPO  producing  2l60-fs  pulses  (65  fs  at  one  wave¬ 
length)  at  4.5  mW  of  average  power.*  More  recently 
a  femtosecond  OPO  was  reported  that  was  exter¬ 
nally  pximped  by  a  hybridly  mode-locked  dye  laser 
producing  220-fs  pulses  at  30  mW  of  average  power.® 
In  this  Letter  we  describe  a  Ti:  sapphire-pumped 
OPO  capable  of  producing  75-f8  pulses  at  a  high 
repetition  rate  (90  MHz)  and  hundreds  of  milliwatts 
of  average  output  power.  We  believe  that  these  are 
the  shortest  tunable  pulses  ever  generated  from  em 
OPO. 

The  Ti'- sapphire  pump  laser  is  configured  in  a 
linear  cavity  with  a  18-mm  titanium-doped  (0.1%) 
sapphire  crystal  and  SF-14  prisms  (spaced  at  40  cm) 
for  dispersion  compensation.  The  crystal  is 
mounted  in  a  copper  block  and  c(X)led  by  using  a 
thermoelectric  cooler  with  temperature  feedback  to 
maintain  a  constant  20°C  temperature.  The  laser 
is  self-mode  locked  as  describeil  elsewhere  in  the  lit¬ 
erature®  and  produces  2.5  W  of  125-fs  pulses  in  a 
TEMoo  mode  when  pumped  by  a  15-W  argon-ion 
laser.  A  schematic  of  the  OPO  cavity  is  shown  in 
Fig.  1.  The  Ti:sapphire  laser  beam  is  focused  onto 
a  1.15-mm  KTP  crystal  with  polarization  along  the 
y  axis  using  a  r  —  15  cm  curved  high  reflector.  The 
punq)  suffers  s^proximately  a  5%  transmission  loss 
for  each  side  of  the  crystal.  The  KTP  crsrstal  is  cut 
at  d  =  47.5®  and  =  0®  for  type  II  phase  matching 


(o  -*■  e  o)  and  coated  with  a  250-nm  layer  of  MgFa 
on  both  sides  for  high  transmission  centered  at 
1.3  lira.  The  OPO  cavity  uses  two  r  =  10  cm  curved 
mirrors  that  are  aligned  for  oscillation  in  the  x-z 
plane  of  the  crystal  to  provide  compensation  for 
walk-off  between  the  Poynting  vectors  of  the  pump 
and  the  resonated  signal  branch.®  The  cavity  may 
be  aligned  with  or  without  the  SF-14  prism  sequence 
simply  by  lowering  or  raising  the  prism  assembly. 
The  output  coupler  is  1%,  and  the  other  flat  mirror 
is  mounted  on  a  piezoelectric  transducer  for  fine 
length  adjustment.  A  linear  cavity  design  was  cho¬ 
sen  so  that  the  pump  can  be  retroreflected  for 
double-pass  pumping  of  the  KTP  crystal.*  This 
would  result  in  parametric  gain  for  the  signal  in  both 
directions  through  the  crystal  when  the  retrore¬ 
flected  pump  pulros  overlap  the  signal  piilses  in  the 
crystal.  However,  this  requires  that  an  optical  iso¬ 
lator  be  inserted  between  the  pump  laser  and  the 
OPO  to  reject  feedback  into  the  Ti: sapphire  cavity. 

The  OPO  is  aligned  by  monitoring  the  spontaneous 
parametric  scattering  using  a  licpiid-nitrogen-cooled 
germanium  photodiode  [the  peak  detectivity  is 
~10*®  cm  Hz''*  W"*  at  1.5  /im].  This  signal  is  maxi¬ 
mized  by  adjusting  the  OPO  mirrors  and  focusing 
such  that  the  spontaneous  parametric  scattering 
makes  many  round  trips  in  the  cavity.  Oscillation 
occurs  when  the  cavity  length  of  the  OPO  is  matched 
to  that  of  the  pump  laser  cavity;  the  length  mis¬ 
match  becomes  more  sensitive  near  threshold. 

With  2.5  W  of  ptunp  power  (125  fs)  the  OPO  pro¬ 
duces  as  much  as  340  mW  of  power  in  the  signal 
branch  through  the  1%  output  coiipler.  We  have  mea¬ 
sured  60  mW  of  signal  energy  reflected  from  the 
KTP  crystal  in  one  Erection  (120-mW  loss  per  roimd 
trip),  which  implies  a  transmission  loss  of  0.2%. 
Thus  460  mW  of  power  is  generated  in  the  signal 
branch  with  an  effective  output  coupler  of  1.4%.  In 
the  idler  branch  we  have  coupled  out  475  mW  of 
power,  but  this  may  be  limited  by  the  physical  con¬ 
straints  of  collecting  and  collimating  the  diverging 
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Fig.  1.  Schematic  of  the  OPO  cavity  in  the  vertical  plane. 
The  Ti-'sapphire  pump  (P)  is  focused  onto  the  1.15-mm 
KTP  crystal.  An  enlarged  view  of  the  crystal  is  depicted 
above  and  shows  the  orientation  for  type  II  phase  match¬ 
ing  at  the  phase-matching  angle  &i>m.  The  signal  branch 
(S)  is  resonated  by  using  a  1%  output  coupler  and  a 
piezoelectric  transducer  (PZT)  for  fine  length  adljustment. 
The  idler  (I)  exits  from  the  crystal  at  ~6  deg  from  the 
signal.  The  prism  sequence  may  be  raised  to  allow  oscil¬ 
lation  without  the  prisms. 

idler  radiation  that  is  generated  at  -~6  deg  (external 
to  the  crystal)  from  the  signal.  The  pump  is  de¬ 
pleted  by  55%  when  the  OPO  is  oscillating  and  is  a 
measure  of  the  actual  conversion  efficiency;  this 
value  agrees  well  with  the  measured  power  output  of 
the  OPO  if  the  crystal  reflections  and  the  pump 
transmission  losses  are  taken  into  account.  Double¬ 
pass  pumping  has  not  yet  been  implemented  in  the 
OPO  since  excellent  conversion  efficiency  has  al- 
rea(^  been  achieved.  If  only  one  pass  of  the  pump 
were  used,  then  a  ring  cavity  would  provide  less  loss 
than  the  linear  cavity. 

Interestingly,  the  OPO  also  produces  output  at 
two  other  non-phase-matched’  wavelengths  that  cor¬ 
respond  to  collinear  second-harmonic  generation  of 
the  signal  branch  (e  +  e-*  e)  and  noncollinear  sum- 
frequency  generation  between  the  pump  and  the  sig¬ 
nal  (o  +  e  — *  o).  For  a  pump  wavelen^h  of  780  nm 
and  a  signal  wavelength  of  1300  nm  the  second- 
harmonic  wavelength  is  650  nm  and  the  sum- 
frequency  wavelength  is  485  nm.  A  total  of  almost 
100  mW  of  second-harmonic  power  is  generated 
(50  mW  in  each  direction),  but  only  10  mW  gets 
transmitted  through  the  infrared  optics  and  output 
coupler.  The  collinear  second  harmonic  could  be 
utilized  for  experimental  purposes  and  is  also 
useful  for  aligning  the  sign^  though  extracavity 
optics,  after  which  it  can  be  easily  filtered  out. 
100  fM  of  sum-frequency  light  was  measured  after 
the  output  coupler.  In  aU,  the  OPO  system  produces 
^nchronized  femtosecond  radiation  at  five  different 
wavelengths. 

Without  prisms  in  the  OPO  cavity  the  autocorrela¬ 
tion  and  spectra  show  signs  of  significant  chirp. 
The  pulse  width  as  measured  from  the  intensity 
autocorrelation  is  ^proximately  500  fs  owing  to 
the  long  decay  time  of  the  wings.  With  prisms  in 
the  OPO  cavity  two  regimes  are  encountered.  For 
net  negative  group-velocity  dispersion  (GVD)  the 
pulses  are  un^rped  with  a  minimum  pulse  width 
of  135  fs  (fit  to  a  sech^  shape)  and  have  a  smooth 
spectrum  (ApAt  0.45)  [see  Figs.  2(a)  and  2(b)]. 
For  net  positive  GVD  the  pulses  are  slightly  chirped 
with  a  broader  pulse  width  and  a  split  spectrum  [see 


Figs.  2(c)  and  2(d)].  Near  zero  GVD  the  OPO  may 
abruptly  flip  into  either  the  chirped  or  unchirped 
mode.  This  behavior  is  in  contrast  to  the  observed 
smooth  transition  between  operation  with  net  nega¬ 
tive  and  positive  GVD  of  the  OPO  reported  in  Ref.  2. 
Therefore  a  nonlinear  chirp  must  be  generated  in 
the  KTP,  which  accounts  for  the  runaway  condition 
in  the  positive-GVD  regime.  This  would  also  ex¬ 
plain  why  the  time-bandwidth  product  is  45% 
greater  than  the  transform  limit  for  the  minimum 
pulse  width.  This  effect  is  most  likely  due  to  self¬ 
phase  modulation  of  the  signal  in  the  crystal  as  a 
result  of  the  high  intracavity  intensity  and  large 
nonlinear  index  of  KTP.  Self-phase  modulation  in 
KTP  was  identified  as  a  source  of  broadening  of  the 
pump  laser  in  Ref.  1  and  is  consistent  with  the 
shape  of  the  signal  spectrum  in  Fig.  2(c).^  It  is  ex¬ 
pected  that  the  pulse  widths  are  approximately  con¬ 
stant  over  the  tuning  range  owing  to  the  relatively 
constant  inverse  group-velocity  mismatch  between 
the  pump  and  the  signal.  The  larger  mismatch  for 
the  idler  suggests  pulse  widths  approximately  50% 
greater  than  the  signal. 

It  was  also  observed  in  the  unchirped  regime  that 
a  slight  detuning  of  the  length  shortened  the  pulse 
widths  to  approximately  75  fs  (and  reduced  the  out¬ 
put  power  by  25%).  The  pulse  width  was  also  de¬ 
creased  to  75  fs  by  increasing  the  output  coupling  at 
constant  zero  detuning.  This  was  achieved  by  in¬ 
serting  a  thin  glass  flat  in  the  OPO  cavity  and  ro¬ 
tating  it  away  from  Brewster’s  angle,  effectively 
reducing  the  intracavity  power  by  increasing  the 
output  coupling  to  1.5%  (plus  0.4%  from  the  ciystal). 
Therefore  this  pulse  shortening  results  from  a  de¬ 
crease  in  intracavity  power  as  the  OPO  is  operated 
closer  to  threshold,  as  predicted  by  theory.^  The  re¬ 
duction  in  intracavity  power  reduces  the  magnitude 
of  self-phase  modulation  (both  linear  and  nonlinear 
chirp)  so  that  less  dispersion  compensation  is  re¬ 
quired  from  the  prism  sequence. 


f.22  1.27  1.32  1.37 

Wavelength  (^nt) 

Fig.  2.  (a)  Spectrum  and  (b)  autocorrelation  of  the  signal 
pulse  for  net  negative  GVD.  The  time-bandwidth  prod¬ 
uct  is  0.45.  (c)  Spectrum  and  (d)  autocorrelation  of  the 
chirped  signal  pulse  for  net  positive  GVD.  The  abrupt 
transition  between  these  two  regimes  suggests  a  self¬ 
phase-modulation  process  in  the  crystal. 
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Fig.  3.  OPO  signal  (bottom)  and  idler  (top)  spectra  ob¬ 
tained  by  angle  tuning  the  OPO  over  a  range  of  one  set  of 
mirrors.  Broad  tuning  may  also  be  achieved  by  changing 
the  pump  wavelength  without  rotating  the  KTP  crystal  or 
altering  the  OPO  alignment. 

The  insertion  of  the  Brewster-cut  prism  sequence 
reduces  the  output  power  of  the  signal  to  300  mW  in 
the  chirped  regime,  but  we  believe  that  with  a  more 
careful  alignment  full  recovery  of  the  340  mW  is 
possible.  This  loss  is  primarily  due  to  a  small  rota¬ 
tion  of  the  signal  polarization  in  the  KTP  crystal, 
which  is  oriented  slightly  away  from  <f>  —  0°.  The 
output  power  for  the  unchirped  pulses  is  reduced  to 
approximately  180  mW.  This  loss  of  power  is  not 
due  to  simple  alignment  since  the  prism  is  only 
translated. 

Tuning  of  the  OPO  is  straightforward  and  may  be 
accomplished  by  three  different  means.  Adjust¬ 
ment  of  the  length  mismatch  of  the  OPO  cavity  re¬ 
sults  in  a  wavelength  shift  as  reported  previously’ 
and  may  be  used  to  stabilize  the  OPO  length  at  a 
fixed  wavelength.  The  wavelength  range  over 
which  the  OPO  will  oscillate  while  the  length  is  ad¬ 
justed  is  a  measure  of  how  sensitive  the  OPO  is  to 
length  variations.  The  OPO  can  withstand  a  5-fim 
length  variation,  which  results  in  a  wavelength  shift 
of  almost  50  nm.  Second,  a  change  in  the  pump 
wavelength  will  tune  the  OPO  without  changing  the 
crystal  orientation  or  OPO  alignment— only  the 
length  of  the  OPO  cavity  must  be  adjusted  to  match 
the  new  pump  cavity  length.  We  can  tune  our 
Ti:sapphire  laser  from  765  to  815  nm  while  main¬ 
taining  mode  locking  and  cavity  alignment.  This 
results  in  tuning  of  the  signal  branch  from  1.22  to 
1.34  fim  and  from  2.05  to  2.08  /tm  in  the  idler 
branch.  Note  that  the  wavelength  of  the  idler  re¬ 
mains  relatively  fixed,  whereas  the  signal  tunes  over 
120  nm  as  the  pump 'wavelength  is  varied  over 
50  nm.  Typically  this  type  of  tuning  will  also  result 
in  a  change  in  pump  power.  Third,  the  OPO  may  be 
tuned  in  the  traditional  manner  by  adjusting  the 
phase-matching  angle  of  the  KTP  crystal.  We  can 
tune  over  a  100-nm  range  by  freely,  rotating  the 


KTP  crystal  and  adjusting  the  cavity  length.  Be¬ 
yond  this  range  the  OPO  alignment  needs  to  be 
modified.  The  operation  of  the  OPO  is  quite  robust 
so  that  broad  tuning  is  accomplished  by  iterating  be¬ 
tween  rotating  the  crystal  and  adjusting  the  OPO 
alignment  while  maintaining  oscillation.  Represen¬ 
tative  spectra  are  displayed  in  Fig.  3  for  both  the 
signal  and  the  idler.  The  demonstrated  tuning  is 
limited  by  the  optics  available  in  our  laboratory,  but 
with  appropriate  optics  the  full  tuning  range  will  be 
accessible. 

No  alignment  of  the  OPO  is  necessary  on  a  day-to- 
day  basis;  length  adjustment  is  all  that  is  required  to 
regain  oscillation.  Furthermore  the  OPO  is  not  ex¬ 
tremely  sensitive  to  pump  steering.  Alignment  of 
the  pump  through  two  pinholes  suffices  to  recover 
oscillation  li  the  Ti: sapphire  alignment  is  consider¬ 
ably  altered.  The  output  of  the  OPO  is  an  excellent 
TEMoo  mode  that  is  made  possible  by  the  tight 
Z  focus  shown  in  Fig.  1.  Thus  the  OPO  is  a  practi¬ 
cal  laser  source  for  experimental  ultrafast  research. 
A  feedback  circuit  to  maintain  length  matching 
would  be  useful  to  maximize  stability,  although  all 
the  data  presented  in  this  Letter  were  obtained 
without  any  length  stabilization. 

In  summary,  we  have  reported  the  development  of 
a  high-power,  high-repetition-rate  femtosecond 
OPO  externally  pumped  by  a  self-mode-locked 
Ti:sapphire  laser.  More  than  1.0  W  of  the  pump 
laser  power  is  converted  to  timable  OPO  radiation 
for  a  conversion  efficiency  of  55%.  Unchirped 
pulses  of  135  fs  can  be  generated  across  the  demon¬ 
strated  tuning  range  of  the  device.  Pulse  shorten¬ 
ing  to  75  fs  is  achieved  by  increasing  the  output 
coupling  at  the  expense  of  output  power. 

This  research  was  supported  the  Joint  Service 
Electronics  Program  and  the  National  Science 
Foundation.  We  are  grateful  to  L.  K.  Cheng  and 
J.  D.  Bierlein  of  E.  1.  DuPont  de  Nemours  &  Com¬ 
pany  for  providing  the  KTP  material. 

Note  added  in  proof:  We  recently  generated 
nearly  transform-limited  57-fs  signal  pulses  at  an 
output  power  of  115  mW 
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We  demonstrate  a  Ti^sapphire-pumped  intracavity-doubled  optical  parametric  oscillator  (OPO)  that  generates  a 
total  of  up  to  240  mW  of  sub-lOO-fs  pulses  tunable  in  the  visible.  The  OPO  consists  of  a  1.5-mm-thick  KTiPO, 
(KTP)  crystal  configured  in  a  ring  cavity  that  is  synchronously  pumped  by  a  self-mode-locked  Ti:sapphire  laser 
operating  at  an  81-MHz  repetition  rate  and  2.1-W  average  power,  producing  llS-fs  pulses  at  A  -  790  nm.  In¬ 
tracavity  doubling  of  the  OPO  is  accomplished  by  inserting  a  47-/iiii-thick  /S-BaBjO,  crystal  into  an  additioiud  fo¬ 
cus  in  the  OPO  cavity.  We  demonstrate  continuous  tuning  of  the  second-harmonic  output  fiom  580  to  657  run. 
The  potential  tuning  range  of  this  intracavity-doubled  KTP  OPO  is  ^rprordmately  500  to  800  nm. 


Since  the  first  demonstration  of  a  hi^-repetition-rate 
femtosecond  optical  parametric  oscillator  (OPO)  that 
was  pumped  intracavity  of  a  colliding-pulse  mode- 
locked  dye  laser,*  there  has  been  muc'".  interest  in 
the  development  of  the  femtosecond  OPO.  The  self¬ 
mode-locked  Ti:sapphire  (Ti:S)  laser  has  led  to  a  new 
level  of  performance  in  the  high-repetition-rate  fem¬ 
tosecond  OPO.*"®  High'repetition-rate  femtosecond 
OPO’s  have  been  demonstrated  to  cover  the  regions 
0.755  to  1.04  fim,  1.20  to  1.40  pim,  and  1.45  to  3.20 
/tm.‘~®  The  Ti:S-pumped  OPO  offers  several  desir¬ 
able  operating  characteristics:  hif^  output  power, 
extensive  tunability.  nearly  transform-limited  pulses 
as  short  as  57  fs,*  excellent  stability,  and  low  am¬ 
plitude  noise.  In  this  Letter  we  demonstrate  a  Ti:S- 
pumped  ring-cavity  OPO  that  is  intracavity  doubled 
to  pi^uce  a  stable  81-MHz  pulse  train  of  —lOO-fs 
pulses  tunable  from  580  to  657  nm  with  an  average 
total  power  generated  as  hi^  as  240  mW  and  pulse 
widtlm  as  short  as  95  fs. 

The  Ti:S  laser  is  configured  in  a  standard  linear 
cavity  using  an  18-mm-long  titcuiium-doped  (0.1%) 
sapphire  ciystal.  The  pump  beam  (11.5W  Ar*,  all 
lines)  is  focused  using  an  10  cm  lens  through 
one  of  the  r  —  10  cm  Ti:S  cavity  mirrors.  Dispersion 
compensation  is  achieved  using  SF-10  prisms  spaced 
45  cm  apart;  the  laser  is  operated  at  an  81-MHz 
repetition  rate  and  produces  115-fs  pulses  of  ~2.1-W 
average  output  power  at  a  center  wavelength  of 
790  nm. 

The  intracavily-doubled  ring-cavity  OPO  is  shovm 
schematically  in  Fig.  1.  An  r  *  25  cm  dielectric  mir¬ 
ror  is  used  to  focus  the  Ti:S  laser  beam,  which  is 
polarized  along  the  KTFs  y  axis,  onto  the  1.5-mm- 
thick  KTP  crystal.  The  KTP  crys^,  which  is  an¬ 
tireflection  coated  for  A  1.3  /im,  is  cut  at  e  ^  45* 
and  ^  0*  for  IVpe  II  phase  matching  (o-*e  +  o) 

in  the  x-z  plane.  The  signal  wave  is  resonated  in 
a  ring  cavity  using  r  ~  15  cm  mirrors  for  the  KTP 
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focus  and  r  =  10  cm  mirrors  for  the  doubling  crystal 
focus.  The  OPO  mirrors  are  coated  for  a  center 
wavelength  of  1.3  /im.  The  OPO  output  coupler 
(OC)  is  either  1%  at  1  3  /xm  or  a  high  reflecting 
mirror  identical  to  the  other  cavity  mirrors.  The 
SF-14  prisms  are  spaced  20  cm  tip  to  tip  for  dis¬ 
persion  compensation.  The  47->tm-thick  ^-BaB204 
(BBO)  crystal,  cut  and  polished  in  oiir  laboratory,  is 
Brewster-cut  for  Type  I  (o  +  o  — ►  e)  phase  matching 
at  a  wavelength  of  850  nm;  orientation  for  phase 
matching  the  second-harmonic  generation  (SHG)  at 
1.3  fim  does  not  significantly  increase  the  reflective 
loss  suffered  by  the  OPO  fundamental.  Unlike  in¬ 
tracavity  fi^uency  doubling  of  a  linear  cavity,  which 
results  in  dual  output  beams,  the  unidirectional  ring 


Fig.  1.  Schematic  of  the  Ti:sapphire-pumped  intracav¬ 
ity-doubled  KTP  OPO.  The  Ti:sapphire  pump  is  focused 
by  the  r  —  25  cm  pump  mirror  (PM)  onto  the  l.S-mm  KTP 
crystal,  which  is  cut  for  Type  II  phase  matching  in  the 
positive  region  of  the  x-z  plane.  The  curved  OPO  high 
reflectors  ^Cl,  MC2)  surrounding  the  gain  (KTP)  and 
frequency-doubling  (BBO)  crystals  have  radii  r  «  15  cm 
and  r  “  10  cm,  resp^ively.  The  four-prism  sequence 
(P)  consists  of  two  pair  of  60*  SF-14  prisms  spaced  20  cm 
tip  to  tip.  The  sin^e  SHG  output  is  transmitted  through 
the  OPO  hi^  reflector  (MC2)  at  the  doubling  focus. 
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Fig.  2.  Fast-photodiode  oscilloscope  trace  showing  the 
SH  output  of  the  intracavity-doubl^  OPO  on  time  scales 
of  (a)  20  ns/division  and  (b)  2  ms/division.  Ilie  real-time 
autocorrelation  in  (c)  shows  a  pulse  width  of  115  fs 
(FWHM,  sech^  fit)  at  A  —  647  lun,  corresponding  to 
240  mW  of  total  power  generated  in  the  second  harmonic. 


cavity  gives  a  single  output  for  the  second-harmonic 
(SH)  beam. 

Alignment  of  the  intracavity-doubled  OPO  is  simi¬ 
lar  to  that  of  Ref.  5.  Initial  cavity  alignment  is  per¬ 
formed  with  the  additional  frequency-doubling  focus 
inserted  but  without  either  the  BBO  or  prism  se¬ 
quence  inserted;  after  the  OPO  is  optimized,  the 
prism  sequence  is  inserted,  the  cavity  length  ad¬ 
justed,  and  multipass  signal  maximized  to  regain 
oscillation.  The  OPO  is  again  optimized,  and  the 
OPO  signal  beam  output  is  used  to  orient  the  BBO 
crystal  for  phase  matching  at  Brewster’s  angle.  Sub¬ 
sequent  insertion  of  the  BBO  into  the  additional 
focus  does  not  destroy  the  multipass  signal  through 
the  1%  output  coupler,  and  regaining  oscillation  is 
strai^tforward. 

When  pumping  with  2.1  W,  the  intracavity-doubled 
OPO  with  the  1%  OC  produces  an  output  of  ap¬ 
proximately  80  mW  in  the  OPO  signal  beam  at  1.3 
^m  and  115  mW  of  total  SH  li^t.  As  discussed 
further  below,  the  main  output  of  the  SH  throu^ 
the  OPO  mirror  is  reduced  by  the  Fresnel  reflec¬ 
tion  off  the  BBO,  imperfect  trrmsmission  throu^  the 
OPO  mirror,  and  loss  from  the  collimating  lens.  We 
replace  the  1%  OC  with  a  hi^  reflector  (HR)  to 
generate  the  hipest  SH  power.  In  this  configura¬ 
tion,  after  adjusting  the  intracavify  prisms  to  yield 
the  shortest  SH  pukes,  we  generate  up  to  240  mW 
of  SH  li^t  at  sll5-fs  pulse  width;  we  measure  a 
95-fs  pulse  width  using  a  two-prism  sequence  (SF-14 
glass,  spaced  17  cm  apart)  to  remove  any  chirp  on 
^e  pulMs.  Althou^  the  OPO  cavity  is  not  actively 
len^  stabilized  (stabilization  is  straightforward*), 
the  SH  pulse  train  exhibits  excellent  stability  as 
shown  in  Figs.  2(a)  and  2(b).  Fiirthermore,  as  shown 


in  the  real-time  interferometric  autocorrelation  of 
Fig.  2(c),  the  pulses  are  clean  and  quiet. 

Pumping  the  OPO  with  115-fs  pulses  from  the 
Ti:S  laser,  typical  OPO  pulse  widths  measured  from 
the  beam  transmitted  throu^  the  OC  range  from 
~120  to  ~170  fs,  depending  on  the  intraprism  path 
length.  The  pulse  width  of  the  second-harmonic 
output  measvired  directly  is  115  fs;  a  pulse  width  of 
95  fs  is  measured  after  the  two-prism  sequence, 
which  reduces  the  time-bandwidth  product  from  0.45 
to  0.37.  The  time-bandwidth  product  of  the  OPO 
signal  fundamental  pulses  taken  throu^  the  (X3  is 
0.45  (sech^  fit).  This  suggests  that  the  OPO  funda¬ 
mental  pulse  may  also  be  slightly  chirped.  Study  of 
the  spe<^c  pulse-shaping  effects  of  both  the  intracav¬ 
ity  prisms  and  the  intracavity  crystals  should  be  pos¬ 
sible  by  comparing  the  autocorrelation  data  for  OPO 
output  taken  before  and  after  the  intracavity  prism 
sequence. 

As  mentioned  previously,  the  OPO  may  be  timed 
by  varying  the  pump  wavelength.^  Here  we 
an^e  tune  the  OPO  by  rotating  the  phase-matching 
angle  of  the  KTP  crystal.  Timing  requires  sli^tly 
ac(justing  one  flat  mirror,  the  KTP  crystal,  and 
the  cavity  length;  the  OPO  continues  to  os^ate 
during  these  a4)ustments,  which  take  just  a  few 
minutes.  Timing  of  the  intracavity-doubled  OPO 
is  simplified  when  using  an  ultrathin  BBO  crys¬ 
tal.  Tlie  Type  I  SHG  tuning  curve  for  BBO  is 
multivalued;  i.e.,  a  given  phase-matching  angle 
generally  matches  two  distinct  wavelengths  for  SHG. 
The  degenerate  point  for  SHG  in  BBO  occurs  at 
A  —  1.47  fixa,  and  the  SHG  group-velocity  mismatch 
also  goes  to  zero  at  A  —  1.47  fim.  Interestingly,  this 
simultaneous  matdring  of  the  phase  velocity  and  the 
group  velocity  at  the  degenerate  point  alro  occurs 
in  LiNbOa,  another  crystal  of  the  3m  point  group. 
Around  this  degenerate  point  in  the  range  of  ~1.1. 
to  1.8  /im,  the  SHG  bandwidth  for  the  47-^im-thick 
BBO  crys^  becomes  very  large  (as  large  as  ~1700 
nm,  extending  atynunetrically  from  roug^y  1.0  to 


Wavelength  (run) 

Fig.  3.  Spectra  showing  the  demonstrated  tuning  range 
of  the  intoacavity  frequency-doubled  OPO  from  580  to 
657  run.  Variation  in  the  bandwidth  may  be  explained 
by  a  slight  length  detuning  of  the  cavity  from  optimal 
length  matching.  'Hiis  effect,  as  well  as  adjustment  of 
intraprism  path  length,  has  been  observed  to  affect  the 
autocorrelation  pulse  width. 
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2.7  /im)  as  the  sinc^  {^klJ2)  profiles  for  the  two 
phase-matched  wavelengths  merge  and  cross.  Our 
observations  agree:  e.g.,  alter  tuning  the  OPO  from 
1.3  to  1.2  /tm,  rotating  the  phase-matching  angle 
has  no  noticeable  effect  on  the  conversion  efficiency. 
Thus,  when  using  a  thin  BBO  crystal,  tuning  of  the 
OPO  does  not  require  adjusting  the  phase-matching 
an^e  of  the  BBO.  Representative  spectra  of  the  SH 
output  are  shown  in  ^g.  3. 

Operating  the  intracavity-doubled  OPO  with  the 
1%  1.3-/im  OC,  we  measure  the  intracavity  circulat¬ 
ing  power  of  the  OPO  fundamental  to  be  8  W,  which 
yields  a  SHG  conversion  efficiency  of  ~1.4%.  Based 
on  this  measurement,  we  estimate  that  replacing  the 
1%  OC  with  the  hi^  reflector  increases  both  the 
intracavity  circulating  power  and  the  SHG  conversion 
efficiency  to  ~11.5  W  and  ~2.1%,  respectively.  Use 
of  a  slightly  thicker  doubling  crystal  should  facilitate 
the  pr^uction  of  good  power  in  the  SH  when  lower 
Ti:S  pump  powers  are  used.  The  phase-matching 
bandwidth  of  even  a  300-/im  BBO  crystal  would 
permit  rotation-free  phase  matching  from  ~1.2  to  1.6 
fim,  covering  the  600-  to  800-nm  range  in  the  visible 
and  near  infrared. 

Althou^  the  Brewster-cut  BBO  crystal  minimizes 
Fresnel  loss  to  the  OPO  fundamental,  this  config¬ 
uration  results  in  the  s-plane-polarized  SH  beam’s 
suffering  a  21%  Fresnel  loss  at  the  BBO  exit  surface. 
Use  of  a  normal-incidence-cut  1.3-Aim  antireflection- 
coated  BBO  crystal  in  place  of  the  Brewster-cut  piece 
would  reduce  the  loss  of  the  SH  to  ^6%.  The  only 
output  coupling  inefficiency  for  the  SH  beam  is  the 
transmission  tLrou^  the  OPO  high  reflector.  Our 
OPO  mirrors  transmit  ~80%  of  the  SH,  and  specially 
designed  single-stack  mirrors  can  increase  this  trans¬ 
mission  to  ~90%.  Our  current  configuration,  with 
losses  of  21%  at  the  BBO  exit  sruface,  20%  at  the 
OPO  HR,  and  8%  at  the  collimating  lens,  transmits 
■^140  mW  of  the  240  mW  total  SH  produced. 

The  nonlinear  loss  (~2%  total  loss)  due  to  the  SHG 
in  the  intracavity-doubled  OPO  is  not  believed  to  play 
a  mqjor  role  in  ^e  shaping  of  the  OPO  fundamental 
pulse.  The  pulse  broadening  due  to  linear  dispersion 
of  such  a  thin  BBO  crystal  is  insubstantial.  Thus  it 
is  expected  that  shorter  Ti:S  pump  pulses  obtained  by 
reducing  third-order  dispersion^-*  will  yield  shorter 
OPO  SHG  pulses. 

When  weighting  the  benefits  of  doubling  external 
or  internal  to  the  OPO  cavity,  one  must  consider  both 
the  advantages  and  disadvantages  of  each  scheme. 
Extracavity  doubling  of  the  OPO  has  the  advantage 
of  simpler  alignment,  but  presents  the  disadvantages 
of  relatively  low  power  (tens  of  milliwatts  should  be 
possible)  and  poor  mode  quality  for  the  SH  owing 
primarily  to  the  angular  acceptance  limitations  of 
using  a  thicker  crystal.  Conversely,  intracavity  dou¬ 
bling  achieves  approximately  an  or^r-of-magnitude 
greater  power  in  ^e  SH  than  is  possible  by  extracav- 
ity  doubling  of  current  OPO  output  powers.  The  con¬ 
version  ef^ency  is  much  greater  intracavity  since 
the  power  is  —100  times  greater.  Furthermore,  the 
transverse  mode  of  the  OPO  is  an  exceptionally  piue, 
round  TEMoo  (achievable  regardless  of  the  transverse 


mode  of  the  Ti:S  pump  laser),  and  aside  from  slight 
irregularity  due  to  BBO  surface  imperfections,  this 
TEMoo  mode  is  imparted  to  the  frequenty-doubled 
beam. 

We  observe  that  intracavity-doubling  with  a  thin 
BBO  crystal  does  not  add  significantly  to  the  OPO’s 
complexity,  nor  does  it  reduce  its  stability.  The  lin¬ 
ear  loss  of  the  additional  focus  and  doubli^  crystal  is 
estimated  to  be  sO.5%,  and  the  OPO’s  tuning  range  is 
not  affected  by  the  presence  of  the  BBO;  in  addition, 
use  of  a  reasonably  thin  BBO  crystal  (£300  /tm) 
permits  hands-off  phase  matching  over  the  tuning 
range  of  the  OPO. 

In  conclusion,  we  have  used  an  Ar’’ -pumped  mode- 
locked  Ti:S  laser  pumping  an  intracavity-doubled 
OPO  to  generate  tunable  ~100-fs  pulses  over  the 
range  of  580  to  657  nm,  with  a  potential  tuning 
range  of  ~500  to  800  nm.  We  have  demonstrated 
what  we  believe  is  an  important  source  for  hi^- 
repetition-rate  femtosecond  pulses,  tunable  in  ^e 
visible,  with  hi^  average  power,  short  pulse  width, 
excellent  spati^  mode  quality,  hij^  peak  power,  and 
excellent  stability.  As  extensions  of  this  research, 
we  plan  to  extend  the  demonstrated  tuning  range  of 
the  intracavity-doubled  OPO  to  the  shortest  possible 
wavelengths  Ity  using  a  shorter-wavelength  Ti:S 
pump  beam  and  OPO  mirrors  that  extend  down 
to  ~1.05  fim.  We  also  plan  to  replace  the  SF-10 
prisms  of  the  11:8  laser  with  low-dispersion  prisms 
and  optimize  the  pulse-shaping  parameters  toth  of 
the  pump  source  and  widiin  tfie  OPO  cavity  to 
investigate  short-pulse  operation  of  the  OPO. 

We  thank  Randall  Lane  for  cutting  the  BBO  crystal 
and  Mike  Watts  of  Spectra-Physics  Lasers,  Inc.,  for 
his  contribution  to  this  Letter.  This  research  was 
supported  by  the  Joint  Services  Electronics  Program 
and  the  National  Science  Foundation. 
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We  preaent  what  ia  to  our  knowledge  the  firat  demonetration  of  a  famtoeecond  optical  parametric  oadllator  uaing 
the  new  nonlinear  ayatal  imOAaO^.  Powera  of  aa  much  ae  76  mW  in  the  aignal  breadi  and  aa  much  aa 
100  mW  in  the  idler  branch  arere  coupled  out  of  the  cavity.  Pulae  widtha  aa  abort  aa  86  &  in  the  aignal  Inanch 
and  160  &  in  tha  idler  brandi  were  meaaurad.  The  potential  of  tuning  out  to  ~6  pm  in  the  idler  brandi  ia 
diaoiaaed 


The  versatility  of  the  cw  femtosecond  optical  para¬ 
metric  oscillator  (OPO)  is  now  being  demonstrated 
with  reports  of  high  powers,  short  ptidses,  and  broad 
tunability  with  the  use  of  a  KTiOPO^  (KTP)  femtosec¬ 
ond  OPO.^~’  This  performance  can  be  enhanced 
further  still  by  the  use  of  new  nonlinear  oystals 
with  larger  nonlinearities  and  broader  transparency 
ranges.  KTi0A804  (KTA)  is  a  crystal  similar  to  ¥TP 
but  has  an  optical  nonlinearity  approximately  20% 
larger  and  an  infrared  transparency  range  nearly 
1  ^m  broader.*  Recent  progress  in  the  crystal 
growth  of  sin^e-domain  KTA  crystals  makes  pos^le 
its  use  in  a  femtosecond  OPO.  We  present  what  are 
to  our  knowledge  the  first  results  of  a  femtosecond 
OPO  based  on  KTA.  We  achieved  powers  as  Ugh  as 
75  mW  at  93  ft  in  the  signal  branch  and  90  mW  at 
170  fr  in  the  idler  branch  and  pulse  widths  as  short 
as  84  fr  in  the  signal  branch  and  148  fs  in  the 
idler  branch.  An  interferometric  autocorrelation  of 
an  idler  pulae  in  the  infrared  is  also  shown. 

The  KTA  OPO  is  configured  in  a  linear  cavity  as 
depicted  in  Fig.  1  and  is  ahgned  the  same  as  in  Ref.  1. 
KTA  is  a  positive  biaxial  crystal,  with  n.  >  n,  >  *>  n., 
where  x,  y,  and  z  correspond  to  ^e  piezoelectric  axes. 
The  KTA  crystal  used  in  this  experiment  was  grown 
fiiom  a  KgAssOio  flux.  The  crystal  is  lightly  doped 
(~0.2  wt%)  with  indium  to  promote  si^e-domain 
crystallization.  Initial  measurements*  suggest  that 
in^um  doping  does  not  affect  the  optical  properties 
of  KTA.  As  in  KTP,  des  in  KTA  is  maximized  for 
a  type  n  interaction  (o  e  +  o).  Phase  matching 
was  carried  out  in  the  x-z  plane  such  that  direct 
camparison  of  the  performance  of  our  KTA  OPO  can 
be  made  with  that  ofthe  KTP  OPO  reported  in  Ref.  1. 
In  this  case,  k,,  k„  and  k|  are  in  tito  0  «•  0  plane. 
Since  dm  >  du  arid  (n*  -  n,)  <  (n,  -  n.)  in  KTA, 
thin  oimfiguration  also  maximizes  the  coefficient, 
udiich  in  the  x-x  plane  is  given  by 

dtf  *  <^34  nn  0 .  (1) 

The  crystal  is  1.47  mm  thick,  cut  at  d  *  60*,  and 
antireflection  coated  aa  both  srufaces  firom  1.3  to 
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1.6  ^m.  The  crystal  has  a  reflection  loss  of  14%  per 
surface  at  the  pump  wavelength. 

For  this  OPO,  tito  e  wave  (signal)  is  resonated. 
Resonating  the  e  wave  results  in  a  spatial  walk-off 
of  the  e  wave’s  Poynting  vector  from  its  wave  vector 
inside  the  nonlinear  crystal.  Previous  experimental 
studies  have  shown  that  the  OPO  operates  such  that 
the  Poynting  vector  of  the  resonat^  wave  and  that 
of  the  pump  wave  are  coilinear.^  To  accomplish 
this  whmi  we  resonate  the  e  wave,  we  employ  a 
noncollinear  phase-matching  geomet^.  The  cavity 
mirrors  are  placed  such  that  the  an^e  between  Uie 
pump  and  the  signal  is  the  negative  of  this  Pcynting 
vector  walk-off,  so  that  the  Poynting  vector  of  tire 
e  wave  walks  onto  that  of  the  pump.  The  calculated 
tuning  curve  for  KTA  with  t^  geometry  is  shown 
in  Fig.  2  for  a  variety  of  pump  wavelengths  in  the 
Ti:Bapphire  laser  range.  The  Sellemeier  equations 
used  were  similar  to  those  reported  in  Ref.  4. 

A  1.2-W,  90-fe,  780-nm  Ti:sapphire  pump  is  focused 
onto  the  KTA  crystal  with  an  r  —  16  cm  mirror. 
The  corresponding  pump  power  inside  the  crystal  is 
1.0  W  as  a  result  of  the  reflection  loss  at  the  firont 


Fig.  1.  Schematic  of  a  Ti:sapphire-pumped  femtosecond 
KTA  OPO,  with  the  inset  shoe^  the  diiectunu  of  kp,  k,, 
and  ki  with  respect  to  the  crystal  axes  x,  y,  and  z.  The 
cavity  and  crystal  are  aligned  such  that  foe  Ti:sapphire 
pump  (P)  is  an  o  wave,  foe  resonated  signal  (S)  is  an  e 
wave,  and  foe  nonresonated  idler  (I)  is  an  o  wave.  The 
polarization  direction  for  foe  o  waves  is  «dong  y,  and  foe 
polarization  direction  of  foe  e  wave  is  in  the  x-z  plane. 
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Fig.  2.  Tuning  curve  for  a  type  II  interaction  in  KTA 
with  a  noncoUtoear  angle  of  2.0*.  A  tuning  curve  is 
generated  for  three  pump  wavelengths  that  cover  a  large 
part  of  the  Ti:sapphire  laser  range. 

surface  of  the  crystal.  The  two  curved  cavity  OPO 
mirrors  have  a  radius  of  curvature  of  r  —  10  cm 
and  have  a  high-reflection  coating  from  1.2  to  1.5  fim. 
Tlie  radii  of  curvature  of  the  pump  focusing  and  OPO 
mirrors  are  chosen  such  that  the  spot  sizes  of  the 
pump  and  the  signal  are  matched  in  the  crystal. 
The  two  flat  end  mirrors  of  the  cavity  consist  of 
a  1%  output  coupler  and  a  high  reflector  with  the 
same  coating  as  the  curved  mirrors.  The  intracavity 
dispersion-compensating  prism  sequence  consists  of 
two  SF14  prisms  spaced  at  20  cm  arranged  such 
that  they  can  be  inserted  into  or  removed  from  the 
cavity.  The  pulse-width  measurements  of  the  sig¬ 
nal  presented  herein  were  made  with  the  prisms 
in  the  cavity.  A  collimating  mirror  is  positioned  to 
collimate  and  couple  out  the  nonresonated  o  wave 
(idler).  The  autocorrelation  of  the  signal  and  the 
idler  was  accomplished  with  a  0.3-mm-thick  BBO 
crystal.  The  signal  autocorrelation  was  measured 
with  an  RCA  Model  C31034  photomultiplier  tube, 
while  an  RCA  Model  7102  photomultiplier  tube  was 
used  for  the  idler.  The  quality  of  the  interferometric 
autocorrelation  for  the  i^er  is  lower  than  that  of  the 
signal,  as  the  sensitivity  of  the  Model  7102  is  an  order 
of  magnitude  less  than  that  of  the  Model  C31034  used 
for  the  signal. 

The  phase-matched  outputs  of  the  OPO  are 
the  resonated  signal  and  the  nonresonated  idler. 
Tunability  is  achieved  by  either  rotating  the  crystal 
about  its  y  axis  or  tuning  the  pump.  Tuning  from 
1.29  to  1.44  ftm  in  the  signal  branch  and  firom  1.83  to 
1.91  fim  in  the  idler  branch  was  achieved  by  angle 
tuning  and  is  shown  in  Fig.  3.  The  signal  has 
two  operating  regimes,  chirped  and  unchirped.  The 
diirped  regime  is  encountered  when  the  OPO  is  op¬ 
erating  with  a  net  positive  group-velodiy  dispersion 
(GVD).  The  unchiiped  regime  is  achieved  by  going 
to  net  n^ative  GVD,  using  the  prism  sequence.  The 
autocorrelation  and  spectra  are  typical  of  chirped 
pulses  and  are  similar  to  those  reported  in  Ref.  1. 
Hie  transition  firom  chirped  to  unchiiped  poises  when 
going  firom  positive  to  negative  GVD  is  a  smooth 
one.  The  unchirped  regime  is  characterized  by  pulse 


t 


widths  approximately  20%  or  more  longer  than  the 
pump  pulse  width,  depending  on  the  amount  of 
negative  GVD.  The  shortest  pulses  are  encountered 
near  zero  GVD,  where  signal  pulses  as  short  as  84  fs 
were  measured  (fitted  to  a  s^^  shape). 

The  idler  is  generated  during  each  pass  of  the  sig¬ 
nal  through  the  KTA  crystal.  Interestingly,  the  in¬ 
terferometric  autocorrelation  of  the  idler  wave  shows 
no  sign  of  chirp  regardless  of  whether  the  signal  pulse 
is  chirped  or  unchirped.  Similarly,  the  spectra  of 
the  idler  when  the  signal  is  chirped  or  unchirped 
are  nearly  identical.  Figure  4  shows  the  intensity 
and  interferometric  autocorrelation  of  the  idler  pulse 
with  a  pulse  width  of  183  fs  at  a  wavelength  of 
1.77  fim  and  a  power  of  80  mW.  The  signal  pulse 
for  this  measurement  was  unchirped  at  94  fs  and 
had  a  power  of  30  mW  out  of  the  1%  output  coupler. 
The  contrast  ratio  of  the  interferometric  autocorre- 


Fig.  3.  Spectra  of  (a)  the  signal  and  (b)  the  idler  pulses. 
Tto  tuning  range  represents  a  small  portion  of  the  tuning 
range  for  flie  ICTA  OPO. 
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Fig.  4.  Intensity  autocorrelation  of  a  183-fs  idler  pulse 
at  1.77  fim.  The  inset  diows  the  interferometric  auto¬ 
correlation. 
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lation  for  the  idler  pulses  is  less  than  8:1.  This  is 
attributed  to  the  fact  that  the  scanning  arm  of  the 
interferometer  requires  a  small  comer  cube,  which 
limits  the  throughput  of  that  arm.  The  shortest  idler 
pulses,  148  is  at  a  wavelength  of  1.89  fita  and  a  power 
of  40  mW,  were  observed  for  the  chirped-pulse  signal 
operation.  The  total  OPO  output  power  (signal  plus 
i^er)  was  greatest  for  the  unchiiiied  signal  pulse 
regime. 

Accompanying  the  phase-matched  outputs  are 
several  non-phase-matched  outputs,  as  reported 
with  the  KTP  OPO.^-^”  Non-pha^matched  second- 
harmonic  generation  of  the  signal  pulse,  as  well  as 
sum-firequency  generation  between  the  pump  and 
signal  and  the  pump  and  idler,  are  observed. 

Although  is  somewhat  larger  for  KTA  than  for 
KTP,  the  signal  and  idler  powers  from  the  KTA  OPO 
are  lower  than  those  from  the  KTP  OPO  as  reported 
in  Refs.  1  and  2.  In  fact,  for  the  1.2-W  pump  power 
and  1%  output  coupling  used  here,  the  operation  of 
the  KTA  OPO  is  close  to  threshold,  indicating  that 
the  oscillation  threshold  is  less  than,  but  close  to, 
1  W.  In  comparison,  we  have  operated  an  OPO 
using  a  1.15-mm  KTP  crystal  and  a  1%  output  coupler 
with  pump  powers  as  low  as  500  mW  at  100  fs. 
For  the  ICTA  OPO,  the  conversion  efficiency  of  the 
pump  to  signal  and  idler  is  10-15%;  the  KTP  OPO’s 
mentioned  above  achieved  a  conversion  efficiency  as 
high  as  30%.‘  There  may  be  several  reasons  for 
the  hi^er  threshold  and  lower  conversion  efficiency. 
The  KTA  OPO  was  pumped  at  powers  approximately 
20%  less  than  the  OPO  reported  in  l^f.  1  owing 
to  the  reflection  loss  of  the  Ti:sapphire  pump  on  the 
surface  of  the  crystal.  More  importantly,  ^e  KTA 
crystal  used  in  this  experiment  shows  as  much  as 
a  25%  fluctuation  in  output  power  when  we  focus 
on  different  parts  of  the  aystal,  indicating  possible 
defects  such  as  inhomogeneous  optical  loss  cmd  resid¬ 
ual  ferroelectric  domains.  The  precise  nature  of  the 
inhomogeneit^  is  not  clear,  but  other  KTA  crystals 
have  shown  index-of-refraction  inhomogeneities  that 
are  due  to  the  inclusion  of  the  indixim  dopant  in 
the  flux.  The  possibility  of  crystal  imperfections  is 
relatively  hi^  for  KTA,  as  it  is  a  new  crystal  and 
its  grow^  teleology  is  still  being  perfected.  Better 
crystal  quality  and  coating  control  are  expected  to 
yield  improved  OPO  performance. 

KTA  has  the  potential  for  tuning  to  wavelengths  in¬ 
accessible  with  KTP.  As  Fig.  2  shows,  KTA  can  tune 
over  its  whole  transparency,  range,  reaching  the  im¬ 
portant  4-5- ftm  region,  which  is  inaccessible  to  KTP. 
KTA  can  also  tune  in  the  5.5-fim  region,  where  KTP 
has  an  absorption  band.''  Generating  pulse  widths 
of  the  order  of  200  fs  or  less  should  be  possible  in 
this  region.  The  phase-matching  bandwidth  of  the 
sigiud  that  will  generate  idler  pxilses  in  this  region  is 
approximately  13  run,  which  is  capable  of  supporting 
a  95-fs  pulse.  The  inverse  group-velocity  mismatch 
(GVM)  tetween  the  signal  emd  pump  in  this  region  is 


less  than  100  fs/mm,  so  the  signal  pulse  Width  should 
be  of  the  order  of  100  fs.  The  corresponding  idler 
pulse  vndth  should  be  of  the  same  order,  since  the 
GVM  between  the  idler  and  the  pump  is  even  less 
than  that  between  the  signal  and  pump. 

The  generation  of  pulses  as  short  as  those  gener¬ 
ated  with  the  KTP  OPO  should  be  possible  for  signal 
wavelengths  in  the  1.2-1.5-/tm  region,  llie  phase¬ 
matching  bandwidth  in  this  region  is  of  the  order  of 
40  nm,  and  the  GVM  between  the  pump  and  signal 
for  KTA  is  less  than  20  &/mm.  KTP  has  roughly 
the  same  phase-matching  bwdwidth  but  has  a  larger 
GVM.  The  KTP  OPO  has  demonstrated  unchir^^ 
pulses  as  short  as  57  fs.  The  KTA  OPO  should  be 
capable  of  producing  pulses  this  short,  since  KTA 
has  a  sufficient  pha^matching  bandwidth  and  its 
GVM  is  less  than  that  for  K]^.  The  idler  pulse 
width  from  KTA  is  probably  broader  than  that  for 
KTP  since  it  has  a  larger  GVM  between  the  pump 
and  idler  than  does  KTP.  Even  so,  the  idler  pulse 
width  reported  in  this  Letter  is  to  our  knowledge  the 
shortest  femtosecond  idler  pulse  in  the  infirared  yet 
reported. 

In  conclusion,  we  have  demonstrated  the  successful 
operation  of  a  high-repetition-rate  OPO  based  on 
the  new  nonlinear  crystal,  KTA,  producing  unchirped 
pulses  as  short  as  84  fr  at  1.36  fita  and  150  fs 
at  1.89  fim.  We  have  shown  tuning  from  1.29  to 
1.44  ftm  in  the  signal  branch  and  from  1.83  to 
1.91  fim  in  the  idler  branch,  and  we  have  discussed 
the  potential  of  using  KTA  to  reach  the  important 
3-5-^m  spectral  region.  With  improved  crystal 
quality,  we  expect  the  output  power  firom  our  KTA 
OPO  to  improve.  The  Ti:sapphire-based  OPO  is 
a  practical  way  to  generate  hi^-power,  broadly 
tunable  pulses  and  wffi  continue  to  tenefit  firom  the 
introduction  of  other  nonlinear  crystals  with  larger  d 
coefficients  and  broader  transparency  ranges. 
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A  hi^rqistitiion-rsts  Ti:sapphii*-pninpsd  optied  paramstrie  osdUator  bsssd  OB  the  nsw  nonliiMar  optiesl  erystsl 
CsTi0As04  is  ilasnihed  The  opmtiaooftUs  optical  panuastrie  oscillator  is  dtaiaetamsdfiir  a  90*-cutei7stal 
by  nao  of  a  tjps  n  intacaetioa.  Tuaiag  ftom  1.46  to  1.74  /uu  is  (lamwietrated,  aad  thara  is  the  potontial  tor 
tuning  tkuBi  0.0  to  6  mib  with  tualBg.  Pown  of  100  mW  la  the  aigaal  aad  the  idler  hrenchea  are  obtaiaad. 
Pttlaa  widths  as  short  as  64  Ih  are  geasrstsd  with  aad  without  pciaaa  la  the  cs'dtar. 


Hie  euooeaaful  demonetration  of  hi^-repetition-rate 
optical  parametric  oacillation  Iqr  uae  of  the  nonlinear 
oyatala  KTP  (Beft.  1  and  2)  and  RHOAsOc  (KTA; 
Rrf.  3)  showa  great  promiae  in  generating  timable 
femtoeecond  pulaea  firom  1  to  3  /tm  for  KTP  and 
firom  1  to  5  ftm.  fat  KTA.  The  cesium  analog  of 
KTA,  C^OAsOc  (CTA),  is  another  candidate  for 
use  as  a  nonlinear  c^rstel  fiir  an  optical  paramet- 
lie  oscillator  (OPO).  CTA  has  roughly  ttie  same 
transparenqr  range  as  KTA,  extending  out  to  6  nm 
in  the  infiraured  and  a  nonlinearity  the  order  of 
that  of  KTP.*  The  toning  diaracteiistics  of  CTA 
are,  however,  quite  diffisirat  from  those  of  both 
KTP  and  KTA.  In  particular,  for  the  Ti:sappl^ 
pump  wavelengths,  the  CTA  OPO  oedllatea  at 
and  near  the  important  1.55-Mni  spectral  region 
for  a  nonoriticaUy  phase-matched  oystaL  We 
demonstrate  for  the  fii^  time  to  our  knowledge  the 
socoessfiil  operation  of  an  OPO  baaed  on  the  new 
mmlinwar  crystal  CTA.  This  Letter  describes  the 
experimental  setup  and  the  results  ifotained  with 
thfo  OPO. 

The  CTA  crystal  is  1  mm  thick,  is  cot  at  6  »  90’, 
and  is  antireflection  coated  on  both  surfoces  centered 
at  1.5  iim.  For  this  crystal  cut,  the  Poynting  vector 
and  the  k  vector  of  a  beam  propagating  throu^ 
the  crystal  are  ooUinear,  which  permits  a  collinear- 
pumped  OPO.  The  CTA  crystal  is  aligned  for  a 
type  n  interactiem  (o-»  e  +  o),  which,  for  this  crystal 
cut,  means  that  the  pump  and  the  OPO  o  wave 
are  polarised  along  t^  y  axis  and  the  e  wave  is 
polarised  along  the  s  axis  of  the  CTA  crystaL  The 
k  vectors  df  tto  pump  and  both  the  e  wave  and  the 
o  wave  from  the  OPO  are  along  the  x  axis.  For  a 
90*  crystal  cut,  the  phase  matdiing  is  noncritical, 
so  then  is  little  variation  in  the  wavelength  of  the 
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OPO  output  beams  for  a  change  in  crystal  angle. 
For  this  noncritical  phase-matching  regime,  we  tune 
the  OPO  by  changing  the  pump  wavelen^.  The 
theoretical  tuning  curve  for  d  •-  90*  based  on  the 
Sellmeier  equations  given  in  Ref.  4  is  shown  in  Fig.  1. 

A  schematic  of  tlm  experimental  setup  is  shown 
in  Fig.  2.  The  CTA '  OPO  is  pump^  with  a 
1.1-W  67-fo  Ti:sapphire  laser,  tunable  from  760 
to  820  nm.  To  a^eve  a  collinear  pump  geometry, 
we  focus  the  pump  with  an  R  —  15  cm  curved  mirror 
throui^  one  td  the  OPO  curved  mirrors  onto  the  CTA 
crystal.  The  transmission  of  the  pump  throuf^  this 
mirror  varies  from  27%  to  80%  over  the  Ti:8apphire 
laser's  tuning  range;  the  pump  experiences  another 
5%  reflective  loss  at  the  surface  of  the  CTA  crjrstal. 
The  OPO  resonator  mirrors  consist  of  two  R  — 
10  cm  curved  mirrors  and  a  flat  mirror,  all  coated 
with  a  sini^e-stack  hi|^-reflecting  coating  centered  at 
1.5  fiva.  The  other  mirror  in  the  cavity,  the  output 
coupler,  reflects  98%  at  1.5  /tm.  Because  the  CTA 
OPO  is  a  synch-pumped  sj^stem,  it  is  length  matched 
to  the  Ti^sapphite  cavity.  The  CTA  OPO  cavity  has 
a  removable  intracavity-dispersion-oompensating 
prism  pair.  The  prisms  are  SF14  prisms  and  are 
spaced  at  14  cm. 

For  the  collinear  cavity  configuration,  we  can  easily 
resonate  either  the  e  wave  or  the  o  wave  by  tibooe- 
ing  the  appropriate  mirror  coating.  Resonating  the 
o  wave  is  advantageous  beosuse,  over  a  large  pump 
wavelength  range,  the  o-wave  wavelength  dianges 
only  sli^tly;  for  example,  tuning  the  pump  from  700 
to  850  nm  tunes  the  o  wave  from  1.56  to  1.60  pm, 
as  seen  in  Fig.  1.  This  permits  us  to  generate  the 
o  wave  near  1.58  pm  and  to  tune  the  e  wave  frxnn 
1.27  to  1.82  pm.  The  advantage  of  resonating  the 
e  wave  is  that  the  group-velocity  mismatch  between 
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Pump  Wavekngth  (nm) 

Fig.  1.  TTieoratical  tuning  curves  based  on  the  Sellmeier 
equations  in  Ref.  4.  Also  shown  are  the  measured  values 
(drcles)  from  the  CTA  OPO. 
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Fig.  2.  Schematic  of  the  experimental  setup  showing 
collinear  pump  geometry.  The  Ti:sapphire  pump  is  fo¬ 
cused  onto  the  CtA  erys^.  The  resonated  OPO  wave  is 
coupled  out  of  the  2%  output  coupler,  the  other  wave  is 
coupled  out  of  the  cavity  thiou^  r^ection  losses  from  the 
prisms  and  transmissive  losses  from  the  cavity  mirrors. 
The  prisma  may  be  removed  fixim  the  cavity  to  permit 
oscillation  without  prisms. 

the  pomp  and  the  e  wave  is  small,  near  30  fs/mm, 
compared  with  ~200  fs/mm  between  the  o  wave 
and  the  pump.  This  should  permit  us  to  use  longer 
crystals  without  lengthening  the  pulse  width  sub¬ 
stantially. 

As  Fig.  1  shows,  for  a  90*-cut  CTA  crystal  the 
wavelengths  of  the  OPO  e  wave  and  o  wave  are 
dose  for  pump  wavelengths  near  770  nm.  In  this 
range  the  OPO  mirrors  can  resonate  either  the 
o  wave  or  the  e  wave.  Without  prisms  in  the 
cavity,  a  simple  diange  in  output  coupler  position 
determines  which  wave  is  resonated  since  the  uvo 
waves  travel  at  different  group  velodties  in  the 
CTA  crystal.  For  example,  the  difference  in  output 
coupler  position  between  resonation  at  1.66  fim  and 
at  1.61  /im  (for  a  792-nm  piunp)  is  approximately 
50  Mm- 

Resonating  the  o  wave  without  prisms  in  the  cavity 
yields  powers  of  as  much  as  100  mW  in  each  wave 
fm  a  670-mW  pump  (inside  the  crystal),  giving  a  con¬ 
version  eCBdenty  of  approximately  30%.  T^cally 
t^  pulses  generated  are  chirped;  however,  lengtii 
dehming  the  cavity  can  result  in  chirp-free  pul^ 
at  the  expense  of  output  power.  Near  degeneracy, 
whore  the  OPO  cavity  mirrors  reflect  the  e  wave  and 


the  0  wave,  the  nomesonated  e  wave  is  a  set  of  pulses 
spaced  by  approximately  400  is.  This  is  a  result  of 
the  different  cavity  rou^-trip  times  for  the  nonres- 
onated  e  wave  and  the  resonated  o  wave.  After  one 
round  trip  the  o  wave  is  coinddent  with  the  next 
pump  pulM,  whereas  the  nonrMonated  e  wave  is  not. 
The  interaction  of  the  pump  with  the  o  wave  amplifies 
the  o  wave  and  generates  a  new  e  wave;  hence  two 
e-wave  pulses  are  present  after  one  round  trip.  Each 
successive  round  trip  adds  a  new  pulse  to  the  e-wave 
train.  Ultimately  the  losses  from  the  cavity  limit  the 
number  of  e-wave  pulses  in  each  set. 

The  operation  of  the  CTA  OPO  when  the  e  wave 
is  resonating  without  prisms  gives  powers  similar  to 
those  obtained  when  the  o  wave  is  resonating.  The 
power  is  ~70  mW  per  branch  for  a  400-mW  pump 
(inside  the  crystal).  The  output  of  the  e  wave  is 
chirp  five,  and  we  observed  pulses  as  short  as  62  fa 
(assuming  a  sech‘  pulse  shape)  at  an  average  power 
of  70  mW  for  the  CTA  OPO  for  pumping  wi^  a  65-fs 
Ti:sapphire  pump.  The  output  of  the  nonresonated 
o  wave  is  a  set  of  pulses  similar  to  that  seen  on  the 
output  of  the  e  wave  when  the  o  wave  is  resonated. 

The  behavior  of  the  CTA  OPO  with  prisms  is 
similar  to  that  reported  for  the  KTP  OPO  (Ref.  1)  and 
the  KTA  OPO.’  There  is  a  transition  from  chirped  to 
chirp-free  as  the  net  cavity  group-velodty  dispersion 
(GVD)  changes  firom  net  positive  to  net  negative  GVD. 
The  shortest  pulses  are  encountered  near  zero  GVD. 
In  both  cases  of  resonating  the  e  wave  or  the  o  wave 
near  thia  zero-GVD  point,  the  pulse  widtn  of  the 
resonated  wave  is  approximately  equal  to  the  pump 
pulse  width.  The  shortest  pulses  measured  were 
64  ft  for  resonating  the  e  wave  with  a  67-&  Ti:sap- 
phire  pump  pulse  width.  The  time-bandwidth 
product  for  the  operation  of  the  OPO  near  zero 
GVD  was  measured  to  be  A^Ar  "■  0.34,  mumming 
a  sech’  pulse  shape.  A  typical  interferometric 
autocorrelation  is  shown  in  Fig.  3.  The  power 
coupled  out  of  the  cavity  with  prisms  is  rediiced  by 
approximately  a  factor  of  2.  For  example,  when  the 
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Fig.  3.  Autocorrelation  of  the  resonated  e  wave  from 
the  CTA  OPO.  This  autocorrelation  is  a  typical  output 
pulse  from  the  CTA  OPO;  it  is  72  fs,  a  sech’ 

pulse  shape.  Note  that  the  contrast  ratio  of  the  peak  to 
background  is  7.7:1,  which  is  close  to  the  ideal  8:1  contrast 
ratio. 
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Pig.  4.  (a)  laical  spectrum  of  a  resonated  wave  with 
prisma  in  the  cavity,  typical  spectra  of  a  nonresonated 
wave  with  prisma  in  the  cavity. 


o  wave  is  resonating  with  prisms  at  1.58  ^m,  55  mW 
of  the  o  wave  is  coupled  out  of  the  2%  output  coupler, 
whereas  100  mW  is  coupled  out  without  the  prisms. 
This  is  similar  to  the  power  drop  reported  in  Ref.  1. 

With  the  prisnu  in  the  cavity  tfie  nonresonated 
wave  is  coupled  out  of  the  cavity  throu{^  the  output 
coupler  and  the  prism  sequence.  The  prisms  are 
Brewster  cut  and  are  orient^  in  the  cavity  such  that 
the  resonated  wave  experiences  low  reflective  losses; 
the  nonresonated  wave  is  orthogonally  polarized  to 
the  resonated  wave  so  that  it  experiences  ~20%  loss 
per  prism  surface.  The  transmission  for  the  nonres¬ 
onated  wave  through  the  entire  prism  sequence  is 
approximately  17%.  The  output  of  the  nonresonated 
wave  out  of  the  output  coupler  shows  two  pulses. 
The  amplitude  of  the  second  pulse  is  largest  when  the 
wavelerigth  of  the  nonresonated  wave  is  dose  to  that 
of  the  resonated  wave  so  there  is  little  transmissive 
loss  from  the  OPO  cavity  mirrors. 


For  the  90*  crystal  cut,  we  accomplished  tuning 
by  changing  the  Ti:sapphire  pump  wavelength.  Fig¬ 
ure  1  shows  the  measured  values  for  the  CTA  OPO. 
Tuning  the  Ti:sapphire  pump  from  758  to  820  run 
generates  the  outputs  firom  the  OPO  from  1.46  to 
1.73  /ita.  A  difierence  between  the  resonated  wave 
and  the  noruresonated  wave  was  observed.  A  typ¬ 
ical  spectrum  obtained  from  the  resonated  wave  is 
shown  in  Fig.  4(a),  and  two  typical  spectra  from  the 
noruesorrated  wave  are  shown  in  Fig.  4(b).  Iliese 
spectra  were  all  obtained  with  prisms  in  the  cavity, 
liie  difference  that  we  noted  was  the  modulation 
on  the  spectra  firom  the  noruesonated  wave.  This 
modulation  is  even  stronger  when  the  prisms  are  not 
in  the  cavity,  and  we  suspect  that  it  is  due  to  the 
presence  of  multiple  pulsM.  The  spectrum  of  the 
resoimted  wave  does  not  show  this  modulation  with 
or  without  prisms  in  the  cavity. 

A  much  broader  tuning  range  can  be  accessed  with 
different  crystal  cuts  and  optic  sets.  The  potential 
tuning  range  for  a  Ti:sapphire-pumped  CTA  OPO  is 
firom  0.9  to  5  fim. 

In  summary,  we  have  demonstrated  the  successful 
operation  of  a  high-repetition-rate  femtosecond  OPO 
based  on  the  new  nonlinear  crystal  CTA.  Chirp- 
firee  pulses  as  short  as  62  fs  at  an  average  power  of 
70  mW  are  generated.  Tuning  frt>m  1.46  to  1.73  fim 
demonstrated  in  this  Letter  realizes  the  possibility 
of  the  use  of  this  device  in  the  1.55-Aim  region. 
We  believe  that,  with  appropriate  OPO  cavity  optics 
that  will  permit  high  transmission  of  the  Tirsapphire 
pump,  the  increas^  pump  power  will  give  conver¬ 
sion  efficiencies  as  High  as  that  observ^  with  the 
KTP  OPO. 

This  research  was  supported  by  the  Joint  Services 
Electronics  Program  and  the  National  Science  Foun¬ 
dation. 
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Abstract 

A  high-repetition-rate  Ti:sapphire-pumped  optical  parametric  oscillator  (OPO)  based 
on  the  new  nonlinear  optical  crystal  RbTiOAs04  (RTA)  is  described.  Tuning  firom  1.03 
pm  to  1.3  pm  in  the  signal  branch  and  firom  2.15  pm  to  3.65  pm  in  the  idler  branch  with 
powers  as  high  as  250  mW  in  the  signal  and  200  mW  in  the  idler  is  presented.  The 
possibility  of  extending  the  tuning  range  beyond  3.65  pm  is  discussed. 
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The  demonstration  of  a  Tirsapphire-pumped  high-repetition  rate  optical  parametric 
oscillator  (OPO)  with  intracavity  dispersion  compensation  based  on  ICri0P04  (KTP)'  has 
been  quickly  followed  by  demonstrations  of  OPO’s  based  on  KTiOAs04  (KTA)^  and 
CsTiOAs04  (CTA)\  These  OPO  crystals  have  nonlinearities  on  the  same  order  as  KTP 
and  transparency  ranges  extending  out  to  5  pm.  Another  crystal  in  this  class,  RbTi0As04 
(RTA),  also  has  these  favorable  characteristics.^  Furthermore,  the  tuning  characteristics  of 
RTA  are  sufficiently  different  from  these  other  crystals  that  it  may  be  better  suited  to 
reach  particular  wavelengths.  This  letter  reports  on  what  we  believe  is  the  first 
demonstration  of  optical  parametric  oscillation  in  this  newly  available  crystal,  RTA.  The 
results  of  the  RTA  OPO  are  presented  and  they  are  compared  to  those  of  the  previously 
demonstrated  high-repetition-rate  KTP  based  OPO.  Operation  of  the  RTA  OPO  is  shown 
to  extend  the  achievable  wavelength  to  3.65  pm,  and  the  possibility  of  tuning  farther  into 
the  infrared  is  discussed. 

The  experimental  setup  and  cavity  alignment  are  similar  to  those  of  the  KTP  OPO 
reported  in  Ref.  1  .  The  schematic  of  the  experimental  setup  is  shown  in  Figure  1.  The 
RTA  OPO  is  pumped  with  a  1.8  W,  80  fsec  Tirsapphire  laser  which  is  tunable  from  760 
run  to  820  tun  and  runs  at  80  MHz.  The  Tirsapphire  laser  is  focused  onto  the  RTA  crystal 
with  an  R=:  15  cm  mirror.  The  generated  signal  (e-wave)  is  resonated  in  a  linear  cavity 
which  consists  of  two  R^IO  cm  curved  mirrors,  a  flat  high  reflector,  an  output  coupler, 
and  a  removable  intracavity  dispersion  compensating  prism  pair.  The  OPO  cavity  mirrors 
are  coated  with  a  single-stack  high  reflector  coating  centered  at  1.1  pm.  Several  output 
couplers  were  used,  with  the  highest  efficiency  obtained  using  a  5%  output  coupler.  The 
prisms  are  SF14  and  are  spaced  at  17  cm.  The  pump  and  resonated  signal  are  arranged  in 
a  noncollinear  geometry  that  compensates  for  Poynting  vector  walkoff  of  the  resonated  e- 
wave.  The  angle  between  the  pump  and  signal  is  approximately  2.5  inside  the  crystal. 
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The  angle  between  the  pump  and  idler  k>vectors  changes  depending  on  the  idler 
wavelength.  An  R=10  cm  aluminum  mirror  is  positioned  to  collect  and  collimate  the 
idler.  As  the  RTA  OPO  is  a  synchronously-pumped  system,  it  is  length  matched  to  the 
Ti:sapphire  cavity. 

The  RTA  crystal  is  a  positive  biaxial  crystal  with  a  transparency  range  extending  out 
to  5  pm.  Two  RTA  crystals  cut  at  6=53  with  thicknesses  of  1.8  mm  and  3.0  mm  are 
used.  The  1.8  mm  crystal  was  used  for  all  measurements  in  this  letter,  except  for  idler 
wavelengths  greater  than  3  pm  where  the  3  mm  crystal  was  used.  Both  surfaces  of  the 
crystals  are  antireflection  coated  centered  at  1.0  pm.  The  crystals  are  aligned  in  the  cavity 
for  a  type  n  interaction  (o  — >  e  +  o)  which  maximizes  derr ;  Figure  2  shows  the  crystal 
orientation.  For  the  type  n  interaction  the  pump  and  the  OPO  o-wave  (idler)  are 
polarized  along  the  y-axis  and  the  e-wave  (signal)  is  polarized  in  the  x-z  plane.  The 
crystal  is  placed  in  the  cavity  so  that  the  Poynting  vector  of  the  resonated  e-wave  walks 
onto  the  Poynting  vector  of  the  pump  o-wave.  The  tuning  curves  for  a  type  H  interaction 
using  various  pump  wavelengths  in  the  Ti:sapphire  tuning  range  are  shown  in  Figure  3. 

Similar  to  the  KTP  OPO  reported  in  Reference  1,  the  RTA  OPO  operated  in  one  of 
two  regimes  where  the  pulses  were  either  chirped  or  chirp-free.  As  reported  with  the  KTP 
OPO,  the  chirped  pulses  were  seen  when  the  net  group  velocity  dispersion  (GVD)  was 
positive.  The  chirp-free  pulses  were  encountered  when  the  prisms  in  the  cavity  were 
adjusted  for  net  negative  GVD.  Two  differences  in  operation  between  the  RTA  OPO  and 
the  KTP  OPO  were  noticed.  As  reported  in  Ref.  1,  the  highest  power  coupled  out  of  the 
KTP  OPO  occurred  when  operating  without  prisms  in  its  cavity.  With  the  RTA  OPO  the 
power  was  the  same  with  or  without  prisms  in  the  cavity.  The  second  difference  is  that 
we  did  not  observe  a  change  in  power  in  going  from  net  positive  to  net  negative  GVD 
when  changing  the  amount  of  prism  glass  in  the  cavity.  In  fact,  the  highest  signal  power 
coupled  out  of  the  cavity  in  the  signal  branch  was  for  chirp-free  pulses  (net  negative 
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GVD)  with  a  pulsewidth  of  76  fsec.  Otherwise  the  signal  output  of  the  RTA  OPO  was 
similar  to  the  KTP  OPO,  giving  output  pulses  as  short  as  the  pump  and  powers  as  high  as 
250  mW.  The  shortest  pulses  in  the  signal  branch  were  measured  to  be  58  fsec,  pumping 
with  a  68  fsec  Ti:sapphire  pulses,  assuming  a  sech^  pulse  shape.  A  chirp-free 
interferometric  autocorrelation  of  the  signal  is  shown  in  Figure  4.  The  time-bandwidth 
product  for  the  chirp-free  signal  pulses  was  AvAt  *  .35  .  Thi;  signal  was  tuned  from  1.3  to 
1.03  so  as  to  tune  the  idler  farther  into  the  infrared.  Tuning  to  longer  wavelengths  than 
1.3  |im  in  the  signal  would  require  a  longer  wavelength  optics  coating  than  the  one  used 
here. 

The  output  of  the  idler  was  most  likely  chirped  as  indicated  by  a  large  time-bandwidth 
product  of  1.6.  An  intensity  autocorrelation  using  a  Ge  photodiode  was  made  at  2.25  pm 
measuring  250  fsec.  The  near  transform  limit  of  the  signal  pulses  and  the  large  time- 
bandwidth  product  of  the  idler  pulses  indicate  that  with  compression,  much  shorter  idler 
pulses  should  be  possible.  Spectra  from  2.1  to  3.65  pm  in  the  idler  were  measured  and 
are  shown  in  Figure  5  a).  There  is  a  break  in  the  tuning  at  2.8  pm  due  to  a  water 
absorption.  Tuning  was  achieved  by  rotating  the  RTA  crystal  and  then  peaking  up  the 
cavity.  The  power  in  the  idler  was  typically  as  high  as  the  power  in  the  signal  branch, 
with  the  highest  output  power  measuring  200  mW  which,  along  with  signal  power,  gives 
a  maximum  conversion  efficiency  of  25%.  As  shown  in  Figure  5  b),  the  power  in  the 
idler  drops  off  for  long  wavelengths.  The  operation  of  the  OPO  for  long  idler 
wavelengths  was  more  sensitive  to  length  matching  and  cavity  misalignment,  indicating 
that  the  OPO  was  close  to  threshold.  To  get  as  high  above  threshold  as  possible  in  the 
long  idler  wavelength  range,  the  output  coupler  was  replaced  with  a  high  reflector  so  as  to 
reduce  cavity  loss.  The  Ti:sapphire  pump  power  was  increased  to  2.5  W  and  the  3  mm 
RTA  crystal  was  used.  These  changes  allowed  for  tuning  out  to  3.65  pm  in  the  idler. 
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The  near-threshoId  operation  for  the  longer  wavelengths  is  attributed  to  the 
noncollinearity  of  the  idler  with  the  pump  and  signal.  As  seen  in  Figure  2,  the 
noncollinear  geometry  which  compensates  for  the  Poynting  vector  walkoff  of  the 
resonated  signal  from  the  pump  also  forces  the  nonresonated  idler  to  steer  off  both  the 
signal  and  the  pump.  The  angle  between  the  idler  and  the  pump  increases  as  the  idler 
wavelength  increases,  and  the  larger  this  angle,  the  smaller  the  effective  interaction  length 
and  the  higher  the  threshold.  When  the  OPO  is  operating  near  its  maximum  output 
power,  the  angle  between  the  pump  and  idler  inside  the  crystal  is  approximately  4*;  when 
the  idler  tunes  out  to  3.65  pm,  this  angle  increases  to  9 .  To  tune  out  beyond  3.65  pm 
when  resonating  the  e-wave  would  further  increase  this  angle  and  would  require  a  further 
increase  in  the  pump  power  to  remain  above  threshold. 

Alternatively,  to  extend  the  tuning  range  farther  into  the  infrared,  the  o-wave  could  be 
resonated  in  a  collinear  geometry.  In  this  case  since  both  the  pump  and  the  resonated 
waves  would  be  o-waves,  the  Poynting  vectors  of  these  two  waves  would  automatically 
overlap.  The  nonresonated  c-wave  would  walk  off  at  an  angle  of  approximately  2.5*.  The 
OPO  should  be  able  to  handle  this  walkoff  angle  considering  that  when  resonating  the  e- 
wave,  the  OPO  operates  with  an  angle  between  the  idler  and  the  pump  of  4*  or  more.  The 
most  important  consideration,  however,  is  that  beyond  3.7  pm,  there  is  a  broad  absorption 
feature.  *  This  same  feature  is  present  in  KTA  and  CTA  as  well.  The  absorption 
coefficient  at  4  pm  is  approximately  .04  mm*'  which  for  a  1.5  mm  crystal  would  give  6  % 
absorption.  For  the  OPO  to  handle  this  large  an  absorption  loss  in  the  crystal,  the  pump 
power  has  to  be  correspondingly  higher.  However,  oscillating  the  o-wave  should  allow 
for  tuning  to  at  least  3.65  pm  without  the  power  loss  seen  when  resonating  the  e-wave. 

In  conclusion,  we  have  demonstrated  the  successful  operation  of  a  high-repetition-rate 
OPO  based  on  the  new  nonlinear  crystal,  RTA,  producing  chirp-free  pulses  as  short  as  58 
fsec  with  powers  as  high  as  250  mW  in  the  signal  branch  and  200  mW  in  the  idler  branch. 
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We  have  shown  tuning  from  1.03  to  1,3  |im  in  the  signal  branch,  and  from  2.15  to  3.65 
|im  in  the  idler  branch.  With  different  crystal  cuts  and  optics  coatings  the  RTA  OPO  can 
additionally  access  wavelengths  from  1.3  to  2.15  pm,  and  we  believe  the  OPO  may  be 
tuned  to  longer  wavelengths  than  3.65  pm  by  resonating  the  longer  wavelength  o-wave. 
And  Hnally,  with  further  optimization  we  believe  shorter  pulses  and  higher  power  may  be 
obtained  from  the  RTA  OPO. 
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Figure  Captions 

Figure  1  Schematic  of  Ti;sapphire«pumped  RTA  OPO  with  a  noncollinear  geometry. 

The  e-wave  (signal)  is  resonated  in  the  cavity  and  is  coupled  out  with  a  5% 
output  coupler.  The  nonresonated  o-wave  (idler)  is  collected  with  an  R-IO 
cm  aluminum  mirror.  The  intracavity  prisms  can  be  removed  from  the  cavity 
if  dispersion  compensation  is  not  required. 

Figure  2  Crystal  orientation  in  the  OPO  cavity  showing  the  directions  of  the  k*vectors 
(k|»  ks»  k|)  and  Poynting  vectors  (Sp,  Ss,  S|).  p  is  the  walkoff  angle,  6  is  the 
phasematching  angle. 

Figure  3  Theoretical  tuning  curves  for  a  type  n  interaction  in  RTA  with  a  noncollinear 
angle  of  2.5*.  A  separate  tuning  curve  is  calculau.*  for  three  pump 
wavelengths  in  the  Ti:sapphire  laser  range. 

Figure  4  Interferometric  autocorrelation  of  a  76  fsec  signal  pulse  at  1 .2  pm. 

Figure  5  (a)  Spectra  of  the  idler  pulses. 

(b)  Idler  power  as  a  function  of  wavelength  for  a  2.S  W  Ti:sapphire  pump  and 
the  3  mm  RTA  crystal.  The  output  coupler  is  replaced  with  a  high  reflector. 
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a  rapriat  horn  Ap^ied  Optica 

Thermal  lens  spectrometry  using 
a  broadly  tunable  optical  parametric  oscillator 


Shuichi  Kawasaki,  Randall  J.  Lane,  and  Chung  L  Tang 


We  present  a  computerized  optical  parametric  oadllator  that  is  capable  of  continuous  tuning  from 
approximately  420  nm  to  2  tim  for  spectroscopic  and  spectrometric  applications.  This  system  allows  any 
sdected  wavelength  within  the  tuning  range  to  be  reached  directly  and  quickly.  We  demonstrate  the 
versatility  of  the  system  by  measuring  the  entire  visible  (450-690-nm )  thermal  lens  spectrum  of  NOj  with 
a  continuous  scan. 

Key  worda:  Thermal  lens  spectrometry,  optical  parametric  oscillator,  P-barium  borate. 
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1.  Introduction 

For  many  spectroscopic  and  spectrometric  applica¬ 
tions,  such  as  nonlinear,  photothermal,  and  fluores¬ 
cence  spectrometry,  widely  and  continuously  tunable 
laser  sources  are  required.  Until  recently,  dye  lasers 
have  been  generally  tised  for  tunable  la^r  spectros¬ 
copy.  However,  the  tvining  range  of  dye  lasers  tends 
to  be  severely  limited.  Each  dye  can  cover  only  a  few 
hundred  angstroms,  and  the  total  range  that  can  be 
covered  by  laser  dyes  is  limited  from  approximately 
400  nm  to  1  pm.  To  extend  beyond  the  primary  dye 
laser  tuning  range,  complicated  nonlinear  opti<^ 
techniques  are  required.  From  the  beginning  since 
the  laser  was  invented,  there  has  always  been  a  great 
d^  of  interest  in  truly  continuous^  tunable  laser 
sources  that  can  cover  a  wide  spectr^  range.  The 
recently  developed  optical  parametric  oscillators 
(OPO’s)  are  such  sources. 

The  basic  idea  of  an  OPO*~^  is  not  new  and  there 
had  been  some  early  applications^'”  of  the  LiNbOs 
OPO  to  IR  gas  spectroscopy.  However,  because  of 
the  limitations  of  the  nonlinear  optical  crystals  avail¬ 
able  for  use  in  the  early  OPO’s,  ^e  applications  had 
been  limited  and  the  field  laid  dormant  for  many 
years.  As  a  result  of  recent  advances  in  nonlinear 
optic^  crystal  technology  and  the  rapid  progress  in 
OPO  research  and  development,”  such  osdllators 
have  finally  reached  the  stage  at  which  they  can  now 
be  used  readily  for  a  wide  variety  of  spectroscopic  and 
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spectrometric  applications.  In  this  paper  we  r^rt 
the  first  application  of  the  recently  developed  broadly 
tunable  fi-barium  borate  (BBO)  OPO^~”  to  thermal 
lens  spectrometry  (TLS).  As  an  example,  one  ob¬ 
tains  the  visible  thermal  lens  spectrum  of  NOj  by  use 
of  a  computer-controlled  automatic  scanning  qrstem. 
The  det^ed  features  of  the  spectrum  reproduce 
exactly  the  known  spectrum  of  NOj.  The  details  of 
the  BBO  OPO  developed,  the  experimental  results, 
and  the  unique  features  of  OPO  lliS  are  discussed  in 
this  paper. 

2.  Experimental  Setup 

A.  fi-Barium  Borate  Optical  Parametric  Osdllator 
Figure  1(a)  shows  the  cavity  configuration  of  the 
OPO.'”  The  basic  principle  of  the  OPO  is  simple. 
UV  photons  (355  nm)  from  the  pump  beam  (third 
harmonic  of  a  Nd:YAG  laser)  that  propagate  through 
the  nonlinear  BBO  crystals  break  down  by  spontane¬ 
ous  and  stimulated  emission  into  lower-frequency 
photons  called  the  signal  (visible)  and  the  idler  (IR) 
photons.  The  Fabty-Perot  cavity  formed  by  mirror 
3  and  the  grating  provides  the  optical  feedback  that 
leads  to  osdllation  of  the  OPO.  Mirrors  1  and  2 
transmit  the  signal  and  idler  but  reflect  the  UV  piimp 
photons.”  The  grating  is  oriented  in  the  Littrow 
configuration  so  as  to  i^uoe  the  oscillator  linewidth 
to  0.2>0.6  nm  throughout  the  timing  range.'”  We 
used  two  BBO  crystals  to  compensate'”  for  the  walk- 
ofi*  efifect  because  the  Poynting  vector  and  the  k- 
vector  of  the  pump  wave  are  not  in  the  same  direction. 
We  grew  the  crystals  in  our  laboratory  by  using  the 
top-seeded  hi^-temperature  solution  growth  tech¬ 
nique."-'”  T^e  lengths  of  the  crystals  are  9  and  8.5 
mm  and  are  cut  for  type-I  phase  matching  at  28.6°. 
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Fig.  1.  Experimental  setup;  (A)  cavity  configuration  of  the  OPO; 
(B)  block  diagram  of  the  thermal  lens  spectrometer  using  the  BBO 
OPO;  TGH,  third  harmonic  generation. 


The  two  crystals  are  mounted  on  separate  rotational 
stages  that  are  connected  to  a  motor  controller,  which 
is  in  turn  controlled  by  a  standard  personal  computer. 
This  ^stem  allows  the  two  crystals  to  be  set  to  phase¬ 
matching  an^e  corresponding  to  the  desired  output 
wavelength  simultaneously.  The  grating  (Milton 
Roy)  that  was  used  has  1800  grooves/mm  with  a 
blaze  angle  of  26.5°.  The  grating  was  also  placed  on 
the  same  kind  of  rotation^  stage  and  controlled  by 
the  computer  to  set  the  desired  angle.  The  grooves 
are  positioned  normal  to  the  polarization  of  the  OPO 
signal  beam  to  improve  the  broadband  diffraction 
efficiency  and  the  line-narrowing  effect. 

The  pump  source  was  a  Q-switched  neod}rmium- 
doped  3rttrium  aluminum  garnet  (Nd:YAG)  laser  as¬ 
tern  followed  by  third-hannonic  generation  (THG). 
We  reduced  the  pump  beam  diameter  to  2  mm  by  use 
of  a  telescope;  the  typical  pulse  property  used  for  the 
experiment  was  12  tiuT  with  a  5-6-ns  pulse  duration 
at  355  nm.  The  pump  beam  was  steer^  through  the 
cavity  by  use  of  mirror  1  and  was  reflected  back  along 
the  same  optical  axis  by  use  of  mirror  2.  Both 
mirrors  are  355-nm  high  reflectors.  The  incident 
angles  are  55”  and  0°,  respectively,  for  mirrors  1  and 
2.  The  output  coupler  of  the  OPO  is  a  standard 
multilayer  dielectric-coated  mirror  with  50%  reflectiv¬ 
ity  at  550  nm.  The  resonated  OPO  signal  beam  is 
d^racted  1^  the  grating,  and  the  first-order  dif¬ 
fracted  beam  is  reflected  Itock  along  the  cavity  axis. 
This  Littrow  configuration  minimizes  loss  from  the 
grating. The  cavity  length  is  75  mm  from  the 
center  of  the  grating  to  the  surface  of  mirror  3. 


B.  Measurement  of  the  Spectrum 
We  measured  the  linewidth  of  the  OPO  beam  by 
using  a  0.5-m  monochromator  equipped  with  a  photo¬ 
diode.  Wavelength  resolution  was  set  to  0.2  nm 
during  the  experiment,  which  also  corresponded  to 
the  monochromator’s  wavelength  accuracy.  The  sig¬ 
nal  from  the  photodiode  was  sent  to  a  boxcar  averager 
(EG&G  Model  162)  and  then  read  into  the  computer. 
The  spectrum  was  displayed  in  real  time  on  the 
computer  screen.  The  intensity  fluctuation  of  the 
OPO  output  was  also  measur^.  We  used  a  hot 
mirror  to  isolate  the  signal  wave  from  the  idler. 

Figure  1(B)  is  a  block  diagram  of  the  thermal  lens 
spectrometer  based  on  a  dii^  incidence  system. i®  '* 
We  focused  the  signal  beam  from  the  OPO  into  a  1-cm 
flow  cell  (Hellma  Cells,  Inc.)  by  using  lens  1  (100-mm 
focal  length).  We  aligned  a  He-Ne  laser  beam  ( Spec- 
tra-Physics,  Inc.  Model  105-1),  which  was  used  as  the 
probe  team,  coaxially  with  the  signal  beam  by  use  of  a 
quartz  wedge.  The  beam  passed  through  the  sample 
cell  without  focusing.  The  probe  team  is  isolated 
through  the  quartz  prism  and  expanded  to  10  mm  by 
lens  2.  Alter  the  beam  passes  through  a  polarizer, 
one  can  measure  the  intensity  of  the  beam  center  by 
use  of  a  photomultiplier  (Thom  EMI  Electron  Tubes, 
Ltd.,  9658R)  with  a  banclpass  filter  (632.8  nm)  and  a 
pinhole  with  an  aperture  of  1.2  mm.  The  thermal 
lens  spectrum  was  also  displayed  on  the  screen  in  real 
time. 

The  sample  of  nitrogen  dioxide  was  diluted  to  0.5% 
in  dry  air  as  supplied  from  Matheson.  The  flow  rate 
of  the  sample  was  kept  at  40-50  cc/min  during  the 
experiment.  The  gas  was  bubbled  through  an  NaOH 
solution  and  was  discharged. 

3.  Results  and  Discussion 

A.  Performance  of  the  System 

To  maintain  narrow  linewidth  oscillation  over  this 
wide  range,  it  is  important  to  have  ^chronized 
operation  and  precise  alignment  between  the  two 
oystals  and  the  grating.  We  measured  the  gener¬ 
ate  wavelength  that  depends  on  the  crystal  angle  for 
two  crystals  over  the  entire  tuning  range  and  we 
derived  an  equation  for  the  tuning  curve  with  a 
fifth-order  polynomial  fit  to  these  data.  The  error  in 
selecting  a  given  vravelength  was  confirmed  to  be 
within  the  accuraQr  of  the  rotational  stage.  Figure  2 
shows  the  typical  OPO  output  at  620  nm.  One  can 
obtain  the  spectrum  by  using  the  first-order  dif¬ 
fracted  beam  from  the  Littrow  configured  grating, 
which  was  blazed  for  optimum  efficiency  around  this 
range.  The  full  width  at  half-maximum  (FWHM) 
linewidth  is  estimated  to  be  0.45  nm  from  the  spec¬ 
trum.  The  observed  value  without  a  grating  is  close 
to  1.5-nm  FWHM.’**  Thus,  one  can  successfully  use 
the  grating  to  reduce  the  linewidth  by  a  factor  of  3  at 
this  wavelength.  The  spectral  shape,  which  is  al¬ 
most  symmetric,  also  indicates  that  the  angles  of  two 
crystals  are  well  s3mchronized  with  that  of  the  grat¬ 
ing. 

Above  620  nm  the  linewidth  increased  slightly  to 
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Fig.  2.  OPO  spectrum  that  was  obtained  by  using  a  grating  ii 
Littrow  for  narrow  linewidth  oscillation.  We  measured  the  signs 
in  0.05-nm  steps  and  averaged  30  points  /  step. 
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Fig.  3.  Tuning  curve  of  the  signal  wave.  We  measured  the  signal 
in  1.5-nm  steps  and  averaged  50  points/step.  The  sensitivity  of 
the  photodiode  was  taken  into  account. 


0.5-0.6  nm,  which  is  caused  by  broadening  of  the 
phase>matching  bandwidth  of  the  crystal  near  the 
degenerate  point.  Careful  alignment  of  the  crystal 
ang^e  and  grating  should  produce  narrower  oscillation. 
Precise  alignment  of  the  cavity  cannot  be  maintained 
during  automatic  scanning  since  the  accuracy  of  the 
rotational  stage  is  limited  to  0.005”.  This,  however, 
can  be  improved  with  a  higher  resolution  grating. 
A  2400-grooves/mm  grating  gives  a  linewidth  of  0.15 
nm  at  650  nm  without  sacrificing  efficiency  signifi¬ 
cantly  as  mentioned  in  the  next  paragraph.  One  can 
achieve  a  narrower  linewidth  by  inserting  an  etalon 
(F  »  10)  into  the  cavity.  The  etalon  decreases  the 
linewidth  to  almost  that  of  the  pump  beam,  but  the 
threshold  increases  drastically,  which  results  in  low 
efficiency.  Besides,  it  is  difficult  to  synchronize  the 
ciystals,  grating,  and  4talon  over  the  wide  spectral 
range.  The  Littman  configuration  can  also  decrease 
the  linewidth  to  that  of  the  etalon  configuration,  but 
its  low  efficiency  still  remains  a  problem.  The  line- 
width  of  the  OPO  is  also  affected  by  the  linewidth  and 
divergence  of  the  pump  beam.  However,  one  can 
easily  solve  these  problems  by  using  an  ipjection- 
s^ed  Nd:YAG  laser.^^  A  single  longitudin^  mcxie 
can  be  obtained  with  that  pump  laser,  but  the  difficulty 
in  stabilizing  the  cavity  lea^  to  a  limited  tuning 
range.  Fin^y,  a  proper  configuration  should  be 
chosen  depenc^g  on  the  application,  trading  off  the 
advantages  of  simplicity,  wide  timability,  Mgh  effi¬ 
ciency,  and  narrow  linewidth.  With  a  properly  de¬ 
signed  and  engineered  device,  one  can  combine  wide 
tunability  with  narrow  linewidth.  It  is,  however, 
not  the  purpose  of  this  paper  to  report  suc^  a  device. 

Figure  3  shows  the  output  intensity  of  the  signal 
wave  of  the  OPO  as  a  function  of  wavelength  ^m 
450  to  706.5  nm.  The  OPO  was  scanned  at  1.5 
nm/step  and  50  points  were  averaged  at  each  step. 
The  intensity  was  corrected  for  the  spectral  response 
of  the  photodiode  that  was  used  for  the  measurements. 
The  scanning  time  was  approximately  14  min.  This 
spectrum  shows  the  intensity  of  the  signal  wave  (over 
680  nm  the  hot  mirror  used  cannot  isolate  the  signal 
wave  from  its  corresponding  idler,  the  intensity  above 


this  region  includes  that  of  the  idler  wave).  A  jump 
in  the  output  intensity  aroimd  475  nm  is  seen  from 
etalon  effects  that  are  due  to  internal  reflections  that 
are  no  longer  lost  from  the  cavity  when  the  surfaces 
of  each  crystal  rotate  into  a  position  that  is  normal  to 
the  cavity  axis.  The  conversion  efficiency  was  greater 
than  10%  for  most  of  the  tuning  range  and  13%  at  650 
nm.  It  was  12%  when  we  u^  a  2400-grcx)ve/mm 
grating  and  3%  with  an  additional  4talon  at  650  nm. 
This  spectrum  was  measured  to  show  that  there  are 
no  spectral  gaps  over  the  entire  tuning  range. 
Therefore,  the  spectral  transmission  variation  of  the 
hot  mirror  was  not  considered,  which  is  the  main 
cause  of  irregular  intensity  fluctuation,  llie  wave¬ 
length  dependence  of  the  intensity  also  depends  on 
the  transmittance  of  the  output  coupler. 

The  tunable  range  of  this  system  is  actually  450- 
1675  nm,  limited  by  the  cavity  mirrors  that  were 
used.  The  wavelength  accuracy  of  this  system  was 
measured  for  seversd  wavelengths  over  the  tuning 
range  and  was  confirmed  to  within  half  of  the 
linewidth  of  the  oscillation  beam  at  each  point.  The 
response  of  the  system  depends  mostly  on  the  rota¬ 
tional  rate  and  the  minimum  step  of  the  rotational 
stage.  In  oxu*  system  the  crystals  and  grating  are 
dir^ly  mounted  on  the  rotational  stages.  There¬ 
fore,  any  wavelength  can  be  selected  within  a  few 
seconds,  although  the  scanning  time  is  limited  by  the 
repetition  of  our  Nd:YAG  l^r  (10  Ib)  and  the 
desired  amount  of  averaging  at  each  point. 

This  compact,  solid-state  BBO  OPO  system  has 
several  desirable  performance  characteristics  for  spec¬ 
troscopic  applications.  Hij^  output  power  and  effi¬ 
ciency  relative  to  conventional  sources  without  an 
amplifier  stage  make  sensitive  measurements  pos¬ 
sible  especially  for  spectrometry  such  as  TLS.  TLS 
is  known  as  a  hi^y  sensitive  analytical  method. 
For  example,  it  has  b^n  reported  that  TLS  is  almost 
1000  times  more  sensitive  than  conventional  absorp¬ 
tion  spectrometry  for  probing  NO2  diluted  in  air.‘^ 
Because  of  this  sensitivity,  only  a  small  sample 
volume  is  needed  and  excellent  spatial  resolution  can 
be  attained,  that  is,  the  actual  sample  volume  needed 
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for  the  thermal  lens  signal  is  defined  only  by  the  beam 
cross  section  and  the  confocal  distance  of  the  focusing 
lens.  In  our  demonstration  the  OPO  beam  was 
tightly  focused,  which  led  to  a  short  confocal  distance 
( <  1  mm).  This  is  not  claimed  to  be  optimum  but 
was  good  enough  to  allow  the  use  of  a  1-cm  flow  cell. 
The  thermal  lens  signal  was  strong  enough  for  a 
demonstration  that  allowed  us  to  obtain  a  spectrum 
comparable  with  that  measured  with  a  1.2-1.3% 
sample  with  a  7.5-cm  cell.*®  Furthermore,  the  BBO 
OPO  TLS  system  makes  a  fingerprinting  assignment 
(which  has  been  of  interest  but  unachievable  with 
conventional  dye  lasers)  feasible  because  of  its  broad 
tunability.  These  characteristics  are  quite  suitable 
for  a  remote-sensing  device.  In  Subsection  3.B  we 
discuss  more  about  the  measurement  of  the  NO2 
thermal  lens  spectrum. 

B.  Thermal  Lens  Spectrum  of  NO2 

Figure  4  shows  the  thermal  lens  spectrum  of  NOj 
from  450  to  690  nm.  Each  peak  corresponds  well 
with  previously  reported  spectra.*®  In  this  experi¬ 
ment  the  idler  was  not  isolated.  However,  absorp¬ 
tion  of  the  idler  wavelength  by  the  sample  was  small 
and  so  could  be  neglect^.*®  Since  the  intensity  of 
the  thermal  lens  signal  is  proportional  to  the  l^er 
power,  intensity  variations  over  the  tuning  range  will 
affect  the  amplitude  of  the  spectral  peaks.  This  is 
the  reason  the  peaks  under  470  nm  are  relatively 
small.  During  a  scan  over  such  a  wide  spectral 
range,  dispersion  of  the  focusing  lens  and  the  beam 
splitter  might  have  influenced  the  signal  intensity. 
In  this  experiment,  however,  we  estimated  the  confo¬ 
cal  distance  to  be  less  than  1  mm.  Over  the  spectral 
range,  the  focal  point  and  the  focal  length  changed  by 
less  than  0.1  mm  and  a  few  millimeters,  respectively. 
Since  we  employed  the  direct  incidence  method,  these 
factors  should  have  had  no  significant  effect  on  the 
spectrum. 

Figure  5  shows  the  spectrum  of  the  same  sample 
between  600  and  680  nm,  reproducing  exactly  the 
known  spectrum  of  this  molecule.*®  Because  NO2 
shows  a  complicated  spectrum,*®  finer  details  of  the 


Fig.  4.  Thermal  lens  spectrum  (T.L.S.)  of  NO2  from  450  to  690 
nm.  We  measured  the  signal  in  0.5-nm  steps  and  averaged  $0 
points/step.  The  sample  was  diluted  in  dry  air  to  0.5%. 


Fig.  5.  Thermal  lens  spectrum  (T.L.S.)  of  NO2  from  600  to  680 
nm.  We  measured  the  signal  in  0.3-nm  steps  and  averaged  100 
points/ step. 


spectrum  cannot  be  resolved  at  this  resolution.  As 
the  excitation  beam  is  tuned  toward  the  wavelength 
of  the  He-Ne  laser,  it  can  spuriously  give  a  positive 
signal  at  the  photomultiplier  tube.  However,  since 
the  OPO  beam  is  polariz^  linearly  and  has  a  fast  rise 
time,  it  can  easily  be  separated  by  using  a  polarizer 
and  by  changing  the  gate  position  of  the  boxcar. 

4.  Conclusions 

In  this  study  we  have  reported  on  a  computerized 
BBO  OPO  system  with  a  narrow  linevddth  oscillation 
of  0.2-0.6  nm  over  its  visible  tuning  range.  We 
demonstrated  its  performance  by  measuring  the  ther¬ 
mal  lens  spectrum  of  NO2.  The  tunability  of  our 
system,  450-1675  nm,  is  much  broader  than  that  of 
commercially  available  dye  laser  ^sterns  that  require 
dye  changes  to  achieve  a  wide  spectral  region.  Our 
^stem  also  tunes  more  quickly  and  easUy  over  its 
whole  tuning  range.  The  OPO  system  is  completely 
solid  state  (exccept  for  the  YAG  laser  pumped  by  a 
water-cooled  flash  lamp)  and  consists  of  commerci^ly 
available  components.  This  makes  it  a  very  practic^ 
tunable  laser  system.  The  system  succeeded  in  mea¬ 
suring  the  entire  visible  thermal  lens  spectrum  of 
NO2  in  a  single  scan  with  adequate  resolution  to 
resolve  the  important  peaks,  thus  demonstrating 
excellent  pointing  stability  and  wide  tunability.  It 
can  be  optimized  with  the  appropriate  optics  to 
produce  tunable  ultraviolet,  visible,  and  infrared  ra¬ 
diation.  Therefore,  the  BBO  OPO  has  significant 
practical  advantages  as  a  laser  source  in  many  spectro¬ 
scopic  and  spectrometric  ^plications. 
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